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ABSTRACT
Green anole lizards have been used as a model for studying aggression and other social behaviors
due to their easily studied stereotypical displays during aggression and courtship. Formation of
dominance hierarchies is a common phenomenon observed in many vertebrate species. A change in social
status impacts all aspects of an individual’s life including its behavior, physiology, and nervous system.
In this dissertation, I aimed to further insights from previous studies in green anoles on the behavioral,
physiological and neurobiological effects of social status in dominant-subordinate dyads. To understand
behavioral changes, I investigated changes in aggression, courtship and exploratory behavior before and
after acquisition of social status. Subordinates showed lower levels of aggression and courtship whereas
dominants showed higher levels of exploratory behavior after acquisition of social status. Such
differences were absent before acquisition of social status. In terms of energetic changes, I investigated
changes in hepatic and muscle glycogen, plasma glucose levels, and body fat levels. Dominants showed
higher levels of hepatic and muscle glycogen but changes in blood glucose levels were absent. Dominant

anoles also exhibited higher levels of body fat/ body weight ratio as well as a trend towards higher
absolute body fat levels. I examined neurobiological effects of social status on anoles by conducting
quantitative cytochrome oxidase histochemistry. Cytochrome oxidase is a rate-limiting enzyme in the
electron transport chain and tracks neuronal metabolic activity. After 11 days of cohabitation, I observed
higher levels of cytochrome oxidase activity in the medial preoptic area (POA) but not the amygdala or
the septum. This is consistent with the role played by the POA in aggression and courtship. Furthermore,
I found a positive correlation between cytochrome oxidase activity in the POA and hepatic glycogen
levels. Findings from this dissertation extend our understanding of the impact of social status on green
anoles and like the aforementioned correlation serves as the initial step towards understanding behavior in
an integrative manner.
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INTRODUCTION

A change in the physical or the social environment has the ability to influence multiple aspects of an
individual’s life. For example, a change in the social status of an animal results in behavioral,
physiological and neuroendocrine changes. Such responses are critical for the survival of the animal and
may enhance fitness. However, due to constraints imposed by time, energy availability and morphology
(or other structural constraints), the responses may not be optimal. Since the response of an individual to
an environment is determined the interaction of multiple systems within an organism whose output may
or may not be adaptive, it is essential to understand the response of an individual at the organismal level.
In this dissertation, we undertook to delineate the impact of social status on the behavior, physiology, and
brain of green anole lizards. The experiments in this dissertation were conceived as a first step towards
understanding changes in dominant and subordinates at the organismal level.
1.1 Behavioral effects of social status
A change in social status can alter the availability of resources or territories and attaining social
dominance confers the animal with access to food, mates, and territory. This change in the social and
physical environment is accompanied by a concomitant change in a multitude of behaviors including
social and non-social aspects of the organism’s life. Specifically, these behavioral changes may include
changes in levels of aggression, reproductive behaviors, defensive behaviors, feeding, and locomotor
activity (D. C. Blanchard et al., 1995; Ellis, 1995).
One of the most frequently reported changes as a consequence of acquisition and maintenance of
social status is a decline in aggression and an increase in submissive behavior in subordinates. For
example, in dominant-subordinate dyads in green anole lizards, dominant green anoles show greater
levels of aggressive displays towards subordinates over a period of 14 days. Furthermore, dominant
anoles often chase and displace subordinates from established locations (W. Farrell, D. Nair, B. Miller, &
A. Zigler, 2016). Similarly, subordinate rats (D. C. Blanchard, Sakai, McEwen, Weiss, & Blanchard,
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1993), hamsters (Bath & Johnston, 2007; Huhman et al., 2003), mice and tree shrews (Eberhard Fuchs,
Kramer, Hermes, Netter, & Hiemke, 1996) also show a decline in aggression and tend to avoid spaces
occupied or patrolled by the dominant animal. Much of the data on dominant and subordinate rats comes
from the visible burrow system (VBS), a laboratory model used to simulate naturalistic conditions to
understand the impact of social status in rats (D. C. Blanchard et al., 1993). Dominant rats in the visible
burrow system tend to spend a longer duration of time outside the burrow in the open space relative to
subordinates. Subordinate rats, on the other hand, emerge from burrows with longer latency and spend a
shorter duration of time in the open space. Subordinate rats also tend to show an increase in risk
assessment and an increase in defensive postures towards the dominant animal (D. C. Blanchard et al.,
1993). Similar changes in risk assessment have also been reported in subordinate female cynomolgus
monkeys (Shively, 1998).
Although the amount of aggression in the social hierarchy generally declines over time once the
hierarchy is established, the dominant animals generally actively maintain stability in the hierarchy
through displays or attacks. In the cichlid fish, Astatotilapia burtoni, the dominant male performs
aggressive displays towards the subordinate animal every morning thus reinforcing their social status and
maintaining the status quo (S. S. Burmeister, Jarvis, & Fernald, 2005). Other fish like Betta splendens and
Hemigrammus acilifer also show a decline in actual fights and an increase in displays by the dominant
male towards the subordinates (Haller & Wittenberger, 1988). Such a substitution of actual fighting may
be an energetically conservative mode of actively maintaining the hierarchy while decreasing the cost of
injuries. The higher levels of aggressive displays observed in dominant green anole lizards throughout
the cohabitation period indicate that social status is maintained actively in green anoles as well (W.
Farrell et al., 2016), although the level of overt aggression is less than during the initial interaction. A
similar decline in aggression has also been observed in rodents (D. C. Blanchard et al., 1993).
The stability of the dominance hierarchy and the dynamics between its members is influenced not
only by the physical environment such as the availability of resources but also by the intrinsic behavioral
disposition of the members of the hierarchy. A well-known example of the influence of the composition
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of a social hierarchy on the dynamics between its members is that of a troop of baboons studied by
Sapolsky and Share (Sapolsky & Share, 2004). The more aggressive, dominant members of the troop died
due to disease resulting in a social hierarchy composed of relatively docile members. As a consequence,
in the new hierarchy, the remaining members showed lower intensity of conflict resulting in subordinate
members experiencing lower levels of stress (Sapolsky & Share, 2004). Unlike the previous example,
when highly aggressive rats are grouped together in captivity, the subordinates tend to lose more weight
(indicative of aggression directed at subordinates) relative to subordinates in a group with less aggressive
animals (Buwalda, Koolhaas, & de Boer, 2017). Variation in the stability and aggression levels in the
hierarchy may also vary when experiments are conducted on the same strain of rodents using a similar
setup but by different research groups. A highly aggressive subline of Long Evans strain of rats has been
regularly group housed in the visible burrow system for 14 days to examine the effects of social
hierarchy on the behavior and brains of those rats by the Blanchard laboratory (D. C. Blanchard et al.,
1993; D. C. Blanchard et al., 1995). However, in a similar study carried out employing the visible burrow
system by Buwalda et al. (Buwalda et al., 2017), the Long Evans rats were found to be too aggressive and
the experiment had to be terminated after a week instead of 14 days due to the high number of injuries
received by the subordinates. It is possible that the differences observed in these studies were due to
differences in intrinsic levels of aggression, although such differences might arise due to many other
factors such as differences in the experimental setup.
Subordination is also characterized by a decline in reproductive behavior that may be either socially
or physiologically regulated. A decline in reproductive behaviors has also been observed in subordinates
in laboratory rodents (R. J. Blanchard & Blanchard, 1989; Dewsbury, 1988), fish (Greenwood and
Fernald 2004), and reptiles (Greenberg 1984). However, there are exceptions especially in the case of
non-human primates (Sapolsky, 1991). Although a decline in reproductive behaviors in subordinates has
been observed across a wide variety of species, a temporal disconnect is often observed between changes
in reproductive behavior and the reproductive system with changes in the reproductive system occurring
much later than the former. In species like Astatotilapia burtoni where reproduction is socially regulated,
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only the dominant males show reproductive behaviors whereas the subordinates do not court females and
are reproductively inactive. However, in case of social descent in Astatotilapia burtoni from a territorial
to a non-territorial male, changes in reproductive physiology are gradual and may take up to 3 weeks to
occur (Kustan, Maruska, & Fernald, 2012). Similarly, in non-human primates, in cases where
subordinates show lower levels of testosterone, they are often not enough to suppress reproductive
physiology (Sapolsky, 2004). Green anoles also show an absence of difference in reproductive physiology
in dominants and subordinates after 7 days of cohabitation despite a difference in testosterone levels and
courtship levels (N. Greenberg, Chen, & Crews, 1984). These studies indicate decreased motivation but
not a lack of ability in subordinates to perform sexual behaviors, at least during the early stages of the
social hierarchy. Besides a decline in motivational levels and physiological changes, dominants may also
restrict mating opportunities by protecting the females.
Subordinate animals also tend to show a decline in motor behaviors and lower exploratory behaviors.
For example, subordinates rats spend lower amounts of time in an open field test exploring and tend to
spend more time grooming (Raab et al., 1986). Similarly, in the visible burrow system, dominant rats
emerge out of the burrows much sooner than subordinates and spend more time out in the open.
Subordinate rats, on the other hand, show lower activity levels with a longer latency to movement as well
as self-grooming (R. J. Blanchard & Blanchard, 1990). One possible reason for the changes in exploratory
behavior could be due to changes in activity levels. For example, formation of social hierarchies in Arctic
char results in locomotor inhibition in subordinate fishes (Øverli, Winberg, Damsård, & Jobling, 1998).
On the other hand, dominant and subordinate animals may show a difference in exploratory behavior due
to differences in stress reactivity and anxiety. For example, dominant and subordinate anoles differ in
their responsiveness to a physical stressor with subordinate anoles showing greater responsiveness to the
stressor after acquisition of social status and dominants showing the opposite trend (Plavicki, Yang, &
Wilczynski, 2004). Although social defeat has been shown to increase anxiogenic behavior in rats, results
from the rodent literature seem to vary depending on the paradigm and the strains used (R. J. Blanchard,
McKittrick, & Blanchard, 2001).
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A change in social status can also bring about a change in food intake. One potential reason for
this can be due to the monopolization of resources by the dominant. Monopolization of food and shelter
have been observed in both fish and birds (Koivula, Lahti, Rytkönen, & Orell, 1994). However, even
when abundant food is available, appetite suppression has been observed in both fish and rats. For
example, subordinate rats in the VBS show lower frequency of food and water intake despite
opportunities to feed (Tamashiro et al., 2004). Subordinate Arctic char show a decline in swimming
activity and food intake during 3 days of cohabitation with a dominant male in a dyad. Interestingly, both
swimming activity and food intake (only partial) do not fully recover even after a 9 day recovery period in
isolation indicating that such changes are not simply responses to the aggressive behavior directed at the
subordinates by the dominants but due to changes in neural and physiological systems mediating those
behaviors (Øverli et al., 1998). However, there a few notable exceptions such as mice (Bartolomucci et
al., 2004) and Syrian hamsters (Foster, Solomon, Huhman, & Bartness, 2006) that show an increase in
food intake in response to chronic social stress.
In summary, a change in social status results in a change in a multitude of behaviors that include
social behaviors such as aggressive and reproductive behaviors as well as non-social behaviors such as
exploratory behavior and food intake. These changes, especially in food intake, suggest that social status
can influence body physiology as well.

1.2

Physiology

1.2.1

Energetic consequences of fighting

Territorial contests are energetically expensive for all the parties involved in the contest (Haller,
1995). Not only is fighting itself expensive, even arousal occurring in preparation for the contest can incur
energetic costs. Green anoles when allowed to simply view a male conspecific show an increase in
accumulation of lactate indicating that arousal induced by preparation for the fight results in mobilization
and utilization of energetic resources (Wilson & Gatten Jr, 1989). Similarly, rats also show an
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anticipatory increase in carbohydrate utilization upon exposure to an opponent accompanied by an
increase in plasma corticosterone and epinephrine levels (Haller, Barna, & Baranyi, 1995). In a separate
study by Koolhaas and van Oortmerssen (Koolhaas & Van Oortmerssen, 1987), exposure to a conspecific
is sufficient to elicit an elevation of free fatty acids. However, such an increase in free fatty acids has also
been reported in other situations involving general arousal such as handling or exposure to a novel
environment, indicating that some of these physiological changes may not be restricted to an encounter
with an opponent.
Engaging in a contest also results in specific changes in carbohydrate, protein and lipid metabolism
depending upon the species under consideration. One of the most commonly reported energetic costs of
engaging in a contest is an increase in carbohydrate utilization resulting in a decrease in muscle and/or
liver glycogen levels. For example, rats involved in an aggressive encounter show a decline in hepatic and
muscle glycogen accompanied by increased muscle glucose consumption in comparison to isolated
controls (Haller, 1993). Unlike the aforementioned study where the winner and the loser of the encounter
were not distinguished, there are studies that report different patterns of energy availability or utilization
depending on the outcome of the agonistic encounter. For example, in male cichlid fish, both the winner
and the loser of the contest show a decline in muscle glycogen levels but only losers show a decline in
liver glycogen levels relative to isolated controls (Neat, Taylor, & Huntingford, 1998). In Betta splendens,
fish that win contests show greater oxidation of carbohydrates whereas losers derive their energy from
amino acid oxidation (Haller & Wittenberger, 1988). In contests that last for a long duration as in
damselfly Calopteryx maculata, fat reserves may play an important role in determining the outcome of
the contest with winners possessing higher body fat content (Marden & Waage, 1990). Most studies also
report an increase in lactic acid production (Briffa & Elwood, 2001; Haller, 1993) and free glucose
(Haller, 1993) to support activity during aggressive encounters (Haller & Wittenberger, 1988).
Furthermore, accumulation of lactate may play an important role in constraining the amount of
aggression. Losers/ less aggressive animals often showing higher levels of lactate that may play an
important role in submitting in a contest (Brandt, 2003; Briffa & Elwood, 2001). Although an increase in
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utilization of energy stores has been consistently reported, both winners and losers in Beta splendens
show an increase in restoration of glycogen reserves as suggested by an upregulation of enzymatic
activity (Haller & Wittenberger, 1988). Over longer durations of cohabitation, this capacity to recover
expended resources tends to decline in subordinates (Haller & Wittenberger, 1988).
Since aggressive encounters, as illustrated above, tend to be energetically expensive, the
physiological capacity of an animal may play an important role in determining the outcome of a fight.
Experiments conducted in lizards have demonstrated a positive relationship between the locomotor
endurance and/ or speed of an organism and its ability to win a contest (Garland Jr, Hankins, & Huey,
1990; Perry, LeVering, Girard, & Garland Jr, 2004; Robson & Miles, 2000). For example, Perry et al.
reported a positive correlation between endurance measured using a treadmill and the ability to win a
contest with a conspecific in the iguanid lizard, Anolis cristaleus. Besides showing a correlation with
endurance, the ability to win a contest was also correlated with the number of assertion displays in the
field further highlighting the link between general physiological capacity and general ability to win fights.
In a separate study conducted on another iguanid lizard, Uta stansburiana, the duration of aggressive
displays to the animal’s mirror image was positively correlated with treadmill endurance, further
highlighting the importance of general physical ability in attaining social dominance (Brandt, 2003).
Furthermore, participation in an endurance test before the aggression test reduced the ability of an animal
to produce aggressive displays, and production of aggressive displays resulted in increased lactate
production. This highlights the role of energetic constraints in producing aggressive behavior and
potentially winning aggressive contests. It must also be noted that in the case of reptiles like lizards,
anaerobic respiration plays an important role in supporting display and aggressive behaviors (Bennett,
Gleeson, & Gorman, 1981).
1.2.2

Energetic changes with social status:

Under ideal conditions, animals are able to acquire adequate amounts of energy from the
environment to support various biological processes necessary for immediate survival such as
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thermogenesis, foraging, and digestion, as well as for supporting long-term fitness enhancing processes
such as promoting immune function, growth, and reproduction. In cases of challenging situations due to
the scarcity of food or other stressors such as a change in social status, a prioritization of energetic
investment in processes related to immediate survival over long-term investments may occur. In other
words, the availability of energy plays an important role in motivational and performance aspects of
territorial behaviors in a permissive capacity. For example, food deprivation increases ingestive behavior
in rats and hoarding in hamsters (Buckley & Schneider, 2003), increasing the salience of feeding over
reproductive behaviors (Schneider, 2004). Similarly, food restriction has been observed to decrease
fecundity in birds. Although individuals may divert resources to short-term survival at the expense of
long-term processes during challenging conditions, animals may also compensate for increased energetic
demands either by increasing energetic intake or using energy stores such as fat stores. For example,
during lactation, certain animals increase energy intake whether others rely on stored energy deposits or
external sources(Wade & Schneider, 1992). This underlines the need for understanding the energy
dynamics including changes in energy allocation, intake, storage and expenditure as a whole to
understand the contribution of energetics to the ability of an individual to perform any particular behavior.
A change in social status brings about changes in food intake levels as well as behavioral levels indicating
a change in energy dynamics including changes in energy intake, allocation and expenditure.
In general, subordinate animals often tend to show an increase in energy mobilization and a decline
in carbohydrate stores. However, it must be noted that many of the studies showing changes in energy
mobilization come from the fish studies. Subordinate fish consistently show a slower growth rate with
decline in liver and/or muscle glycogen stores. For example, subordinate Betta splendens (Haller &
Wittenberger, 1988) and Nile tilapia (de Oliveira Fernandes & Volpato, 1993) show a decline in muscle
and hepatic glycogen levels after cohabitation. Furthermore, subordinate Rainbow trout (Oncorhynchus
mykiss) show lower liver glycogen stores (Ejike & Schreck, 1980; Gilmour et al., 2012) along with an
increase in activity of the enzyme phosphoenolpyruvate carboxylase, which is involved in
gluconeogenesis, and a decrease in pyruvate kinase activity, which is involved in glycolysis (DiBattista,
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Levesque, Moon, & Gilmour, 2006). Similar to the changes in hepatic enzymes, subordinate Arctic char
also show lower levels of pyruvate kinase and lactate dehydrogenase in the muscle. These changes are
important since the aforementioned enzymes may play an important role in sustaining vigorous activity
during swimming and fighting (Le François, Lamarre, & Blier, 2005). Changes in hepatic glycogen have
also been reported due to cohabitation in wild rats (Barnett, Eaton, & McCallum, 1960), although no
distinction was made between dominant and subordinate members in the study.
Differences in the composition or the dynamics of the hierarchy also have an impact on the
metabolic differences observed in the members of the hierarchy. Haller et al. (Haller, Miklósi, Csányi, &
Makara, 1996) compared metabolic costs of acquisition and maintenance of social status in closely related
species of fish, Betta splendens and Macropodus opercularis. While subordinate Betta splendens are
frequently attacked by their dominant counterparts, such attacks are less frequent in Macropodus. These
behavioral differences are paralleled by differences in metabolic activity. In Betta splendens, both
dominants and subordinates show an increase in energetic costs whereas, in Macropodus, only the
subordinates show such costs (Haller et al., 1996). Such an impact of intrinsic aggression has also been
observed across different strains of rats in the visible burrow system. In an experiment carried out by
Buwalda et al., subordinate Wildtype Groningen rats in the visible burrow system tend to lose less weight
compared to Long Evans rats. Long Evans rats tend to be more aggressive and dominants tend to be more
aggressive towards subordinates (Buwalda et al., 2017).

1.2.3

Body Weight and Body Composition
Besides an increase in submissive behavior, another commonly observed trait in subordinates is

the loss of body weight. Loss of body weight, along with number of bite wounds, has been used to assess
the social status of rodents further underlining the robustness of this phenomenon (There are exceptions,
addressed later). Subordinates rats housed in a dyad (Raab et al., 1986) as well as in a colony in the
visible burrow system (K. L. Tamashiro et al., 2007) tend to show a decline in body weight. In the visible
burrow system, subordinates show lower body weight than dominant animals after 14 days of
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cohabitation. Although dominants maintain their pre- cohabitation weight, isolated controls, in contrast,
tend to show an increase in body weight. In other words, both dominants and subordinates show lower
body weight than isolated control animals and this is due to the loss of body fat in both dominants and
subordinates. The difference in body weight between dominants and subordinates is accounted for by a
lack of increase in lean mass in subordinates that is observed in dominant males (K. L. Tamashiro et al.,
2007). Interestingly, subordinate rats, if allowed a recovery period, do show an increase in body weight
that is accounted for by an increase in body fat levels. A decline in body weight has also been consistently
reported in subordinate fish as observed in their lower growth rate (J. C. Abbott & Dill, 1989; Sloman,
Gilmour, Taylor, & Metcalfe, 2000).
One potential reason for the decline in body weight observed in subordinates could be due to
increased energy expenditure reflected in increased metabolic rate. For example, subordinate tree shrews
show an increase in metabolic rate (E Fuchs & Kleinknecht, 1986) that has been attributed to the higher
stress levels experienced by those animals. However, it must be noted that subordinate tree shrews also
show a decline in food intake (Kramer, Hiemke, & Fuchs, 1999). Similar results have also been reported
in brown trout, Salmo trutta, where subordinates show an increase in metabolic rate that is correlated with
the amount of aggressive behavior directed at them by the dominant animals (Sloman, Motherwell,
O'connor, & Taylor, 2000). Such an increase in metabolic rate being probably due to the increase in stress
levels is supported by studies in fish that show an elevation of metabolic rate in response to cortisol
injections or implants (Ekman & Askenmo, 1984; Morgan & Iwama, 1996). However, unlike the
preceding examples, there are studies in fish (Yamamoto, Ueda, & Higashi, 1998) and birds (Røskaft,
Järvi, Bakken, Bech, & Reinertsen, 1986) that report higher metabolic rates in dominant animals. The
studies in birds have been mostly carried out in the field and the higher metabolic rate in the dominant
animals could be a preexisting difference rather than a consequence of attaining higher social status. This
is consistent with the growth-activity personality types described by Biro and Stamps (Biro & Stamps,
2010) wherein animals that grow faster (become larger, have higher metabolic rate) are bolder and
become dominants. Furthermore, rank dynamics might play a significant role in influencing the metabolic
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rate in a social hierarchy. For example, in canids in the field, the highest and the lowest ranking
individuals show an elevated metabolic rate whereas the middle ranking individuals show a normal
metabolic rate. The higher metabolic rates were attributed to higher ranked individuals experiencing
competition from other individuals whereas the subordinates experienced stress due to the aggressive
behavior directed by higher ranking individuals (Haller, 1995). Higher metabolic rates have also been
reported in dominants in deer mice colonies relative to subordinates, but the metabolic rate differences
were not a consequence of body size differences. However, the differences were correlated with different
activity levels with dominants showing greater activity levels (Farr & Andrews, 1978) highlighting the
importance of behavioral differences on energy expenditure and the overall energy dynamics.
In addition to a change in metabolic rate, subordinates also tend to show a decline in food intake that
may result in lower body weight. One potential reason for this could be the monopolization of resources
by the dominant animal. Such monopolization of food has been observed in both fish (Adams,
Huntingford, Turnbull, & Beattie, 1998; Metcalfe, Huntingford, & Thorpe, 1986; Øverli et al., 1998) and
birds (Ekman & Askenmo, 1984). However, studies in both rats in the visible burrow system (D. C.
Blanchard et al., 1995) and experiments with fish in captivity (DiBattista et al., 2006) demonstrate that
subordinates show a decline in food intake even when food is available ad libitum. In the visible burrow
system, dominant rats spend longer duration in the open surface area rather than the burrows and consume
their food in the open area. Subordinates, on the other hand, spend longer duration inside burrows and
even when food was available inside the burrows, subordinate rats show a decline in body weight.
Similarly, subordinate fish provided with additional food resources do not show an increase in body
weight (J. C. Abbott & Dill, 1989). Interestingly, status reversals do not occur even if supplementary-fed
subordinates outgrow the dominant once the hierarchy is established (J. Abbott, Dunbrack, & Orr, 1985).
Besides a decline in body weight due to a decline in food intake, some of the changes observed in
body weight may also be due to a decline in the digestive capacity of subordinate animals. Arctic char
show a decline in digestive function and food absorption after subordination (Olsen & Ringø, 1999),
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whereas subordinate convict cichlid fish show increased bile retention and enlargement of gallbladder
after attaining social status indicative of a decline in digestive capacity (Earley, Blumer, & Grober, 2004).
Although a decline in body weight has been reported in subordinates from a wide variety of species,
there are some notable exceptions. There are exceptions among rodents in captivity where subordinates
show an increase in food intake and body weight. Mice (Bartolomucci et al., 2004) and Syrian hamsters
(Foster et al., 2006; Solomon, Foster, Bartness, & Huhman, 2007) show an increase in food intake and
body weight after subordination. Differences in the experimental setup used in each case may impact the
predictability and controllability of the stressor (the dominant animal) and may be responsible for some of
the differences in the directionality of differences in body weight in dominants and subordinates. Another
likely factor influencing the directionality of this difference is the social organization of the particular
species in the wild. Unlike the cohabitation paradigms used in most of the literature (except for tree
shrews), the study with mice used a mesh to separate the animals for most of the cohabitation period,
except for a daily period of physical interaction (Bartolomucci et al., 2004). On the other hand, in the
studies with the Syrian hamsters, the subordinate and dominant animals were not housed together but
given multiple experiences with each other.
In summary, aggression is generally costly for both conspecifics although the winners and losers
may show different patterns. Cohabitation, on the other hand, results in subordinate animals generally
showing lower levels of carbohydrate stores and lower body weight. Lower energy stores and body
weight are often accompanied by a decline in food intake and an increase in utilization of energy stores
suggesting that used energy stores are not replenished in subordinates. Although subordinates in most
species show a decline in body weight and food intake, there are some species like mice and Syrian
hamsters that show the opposite trend. This also highlights the importance of a comparative approach to
the study of the effects of social status as well as the importance of the different experimental paradigms
used.
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1.3

Changes in neural correlates with social status
Studies delineating neural pathways involved in a variety of social behaviors including sexual

behaviors, aggression, social communication, and parental behaviors have shown extensive overlap in the
brain nuclei involved in those behaviors. This network of brain nuclei, conceptualized as the social
behavior network (SBN) (J. L. Goodson, 2005; Newman, 1999), consists of reciprocally connected
nuclei. Differences in patterns of activation of the constituent nuclei are thought to be responsible for
producing different behaviors rather than activation of a single brain region. Individual nodes or nuclei in
the social behavior network control different aspects of these complex behaviors and have been
individually implicated for their role in multiple social, sexual and territorial behaviors in many
vertebrates (O' Connell & Hofmann, 2011). The SBN consists of limbic and midbrain nuclei including the
medial amygdala (AMY), the lateral septum (SEP), the medial preoptic area (POA), the anterior
hypothalamus (AH), ventromedial hypothalamus (VMH), the ventral tegmentum and periaqueductal gray.
The SBN has been recently expanded to include mesolimbic nuclei like the nucleus accumbens and
ventral pallidum involved in decision making and motivational aspects of behavior (and has been referred
to as the social decision-making network)(O' Connell & Hofmann, 2011).
The social behavior network is evolutionarily conserved (O' Connell & Hofmann, 2011) and
evidence from reptiles including green anoles (Neil Greenberg, Scott, & Crews, 1984; Neal & Wade,
2007; Sakata, Coomber, Gonzalez-Lima, & Crews, 2000; Wheeler & Crews, 1978) and the closely related
brown anoles (Kabelik, Alix, Burford, & Singh, 2013) are consistent with the role of SBN nuclei in
regulation of social behavior. Almost all of the nuclei in the social behavior network express sex steroid
receptors and are sensitive to the effects of changes in stress hormones as well. Differences in activity in
the SBN and other brain networks have been studied by either looking at activation of immediate early
genes or through changes in receptor, neurotransmitter or any other neurochemical expression. Changes
in immediate early genes like fos or egr1 allow for delineation of neural networks specific to a particular
behavior. For example, immunohistochemistry for c-fos combined with staining for neurotransmitters like

14
vasotocin (Kabelik et al., 2013) or serotonin (Hartline, Smith, & Kabelik, 2017) has been used to identify
the sub-networks involved in aggression and courtship in brown anole lizards. Unlike immediate early
genes, cytochrome oxidase histochemistry allows for evaluation of changes in baseline neural activity
regardless of neurochemical expression. Cytochrome oxidase histochemistry has been deployed to study
the impact of developmental factors and social experience on neural activity in the SBN of lizards. For
example, Coomber et al. investigated differences in social behavior and cytochrome oxidase activity in
the social behavior network in leopard geckos raised at different incubation temperatures. In leopard
geckos, aggression levels are influenced by incubation temperature and differences in cytochrome oxidase
activity in areas such as the anterior hypothalamus and the septum were implicated in producing
differences in aggressiveness (Coomber, Crews, & Gonzalez‐Lima, 1997). Yang and Wilczynski
examined the effects of social experience on aggression and the social behavior network in green anole
lizards by exposing male lizards to an aggressive video stimulus on 5 consecutive days. Animals that
were exposed to the video stimulus showed an increase in aggression along with increased cytochrome
oxidase activity in SBN nuclei including the septal nuclei, the amygdala, and the preoptic area (Eun‐Jin
Yang & Wilczynski, 2007).
The concept of the social behavior network emphasizes the role of the pattern of activity across the
network in engendering different behaviors rather than an individual brain region. Differences in patterns
of activity have been measured by evaluating changes in patterns of correlations among nuclei termed as
functional connectivity (Sakata et al., 2000; Eun‐Jin Yang & Wilczynski, 2007). Studies conducted by
Sakata et al. (Sakata et al., 2000) and Yang and Wilczynski (Eun‐Jin Yang & Wilczynski, 2007) have
demonstrated that changes in functional connectivity between two or more nuclei parallel behavioral
changes even in the absence of differences in mean neural activity. For example, in the aforementioned
study by Yang and Wilczynski, a change in functional connectivity between the VMH and AH in the
animals exposed to the visual stimulus even in the absence of a difference in the activity levels of the
individual nuclei.
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As described in the previous section, dominant and subordinate anoles differ in many aspects of
their social and non-social behavior. Thus, it is not surprising that nuclei in the SBN as well as nuclei
involved in mediating the stress or arousal responses are affected by a change in social status.
Neurochemical and endocrine changes in green anoles, especially in the context of social status, are
summarized in the following section along with homologous changes in other species.
1.3.1

Arginine Vasopressin (AVP)/ Arginine vasotocin (AVT)

Arginine vasopressin and its non-mammalian vertebrate homolog arginine vasotocin have been
implicated for their role in various social behaviors including their role in social behavior in general and
more specifically in the processing of social cues and modulating an organism's response to those social
cues (Wilczynski, Quispe, Muñoz, & Penna, 2017). AVP/AVT is involved in territorial behaviors
including courtship (S. Burmeister, Somes, & Wilczynski, 2001; Moore & Miller, 1983) and aggression
(J. Goodson & Adkins-Regan, 1999; J. L. Goodson, 1998) that change as a consequence of acquisition
and maintenance of social status. Consistent with this role of AVT, subordinate green anoles express
lower levels of arginine vasotocin (Tomoko Hattori & Walter Wilczynski, 2009) in the preoptic area after
10 days of cohabitation. Differences in arginine vasotocin expression are also observed in dominant and
subordinate zebrafish housed as dyads for 5 days. Dominants and subordinates express AVT in distinct
populations of neurons in the preoptic area with dominants showing expression in the magnocellular
neurons whereas subordinates showing expression in the parvocellular neurons (Larson, O’malley, &
Melloni Jr, 2006).
1.3.2

Differences in Monoaminergic and Catecholaminergic Activity

Behavioral inhibition, as described in the previous section, is common in subordinates and involves a
decline in aggressive and reproductive behaviors, food intake and locomotor activity (D. C. Blanchard et
al., 1995). Catecholaminergic and monoaminergic projections from the midbrain and hindbrain to the
forebrain nuclei play an important role as ascending arousal systems (Pfaff, Westberg, & Kow, 2005) and
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convey information from the body to the rest of the brain (Dallman et al., 2003). Consistent with this role
as a generalized arousal system, these projections are responsible for a wide array of behaviors including
aggression. Among these ascending arousal pathways, serotonin has been consistently implicated for its
role in behavioral inhibition. Studies in a wide variety of animals including reptiles (Deckel & Fuqua,
1998; Larson & Summers, 2001), fish (Winberg, Øverli, & Lepage, 2001) and mammals (Ferris et al.,
1997) have shown an important role for serotonin in inhibition of aggression. For example, green anoles
with lower levels of serotonin in their forebrain regions like the amygdala, the septum and the nucleus
accumbens tend to be more aggressive, show lower latency to feeding and tend to become dominants
(Summers et al., 2005). Changes in telencephalic serotonin levels are also associated with food intake and
locomotor ability in Arctic char (Øverli et al., 1998). Furthermore, rodents with lower serotonin levels in
the forebrain nuclei tend to show lower latency to aggression (Vergnes, Depaulis, & Boehrer, 1986).
Consistent with its role in behavioral inhibition, differences in serotonin levels have also been observed
with changes in social status. Higher levels of serotonin turnover are observed in the medial amygdala of
subordinates a week after acquisition of social status but not after 1 day indicating that such changes in
serotonin were not preexisting (Summers, Larson, Summers, Renner, & Greenberg, 1998). Subordinates
rats in the visible burrow system show elevated levels of the serotonin metabolite 5HIAA in forebrain
nuclei including the amygdala, preoptic area, hippocampus whereas higher turnover was observed in
subordinates in the hypothalamus (D. Caroline Blanchard et al., 1991). Lastly, the importance of
serotonin in dominant-subordinate relationships is marked by the ability of selective serotonin reuptake
inhibitors that increase levels of serotonin to inhibit aggression and cause reversal of social status in
dominants (Larson & Summers, 2001).
On the other hand, the evidence that changes in dopaminergic activity in forebrain nuclei are often
associated with increased levels of aggression is more variable across species. Winberg et al. reported
higher dopamine levels in the telencephalon of dominant Arctic char (Winberg, Nilsson, & Olsén, 1991),
whereas differences in dopamine levels or its turnover were absent in dominant and subordinate rats in the
visible burrow system (D Caroline Blanchard et al., 1991). Elevation of tyrosine hydroxylase activity has
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been reported in the locus coeruleus of subordinate rats indicative of changes in norepinephrine activity
(Watanabe et al., 1995) as has downregulation of the expression of 2-adrenoreceptors in a regionspecific manner in subordinate tree shrews (Flügge, Jöhren, & Fuchs, 1992).
1.3.3

Changes in corticosteroid levels

At the endocrine level, changes in glucocorticoids and the availability of these hormones have been
widely reported in dominant and subordinate animals (Creel, 2001), but there are strong species
differences in the details of these changes. Subordination is generally associated with elevated levels of
glucocorticoids relative to dominant animals. For example, elevated levels of glucocorticoids have been
reported in mammals including rodents like mice and rats (D. C. Blanchard et al., 1993) and tree shrews
(Eberhard Fuchs & Flügge, 2002). An increase in corticosteroid levels has been reported in subordinate
green anole lizards only after 10 days of cohabitation (N. Greenberg et al., 1984), but not at any other
time point before that (T. Hattori, 2009; Plavicki et al., 2004) indicating that such a difference in
glucocorticoid levels may arise only after the stress of cohabitation passes a critical threshold. An increase
in plasma cortisol levels has also been observed in salmonid fish housed in dyads but differences in
plasma cortisol levels are more variable when the fish are group housed with studies reporting either a
lack of difference in dominants and subordinates or an increase in subordinates (Gilmour, DiBattista, &
Thomas, 2005). In addition to the differences in the levels of corticosteroids, differences are often
observed in the levels of the pituitary hormone adrenocorticotropic hormone that stimulates the
production of corticosteroids as well as its precursor proopiomelanocortin. For example, subordinate
salmonids showing higher cortisol levels accompanied by higher levels of the plasma ACTH (Hoglund,
Balm, & Winberg, 2000) and higher levels of mRNA expression of its precursor proopiomelanocortin
(POMC) in the pituitary (Winberg & Lepage, 1998). An increase in POMC peptides including ACTH and

 endorphins occurs in hamsters that undergo repeated defeat (Huhman, Moore, Ferris, Mougey, &
Meyerhoff, 1991). Interestingly, subordinate green anoles show an increased level of secretion of the
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melanocyte-stimulating hormone that is derived from POMC, resulting in a dark brown body color
indicative of social stress (Neil Greenberg & David Crews, 1990).
The increase in glucocorticoid levels in subordinates observed in the aforementioned studies have
been conducted in animals kept under captivity. Although many studies in the field also report higher
glucocorticoid levels in subordinates, there is more variability in the direction of difference with many
instances of dominants showing higher basal glucocorticoid levels. These differences in glucocorticoid
levels depend upon social composition and organization, stability of the hierarchy and the physical
environment. For example, in cooperative breeding species such as marmosets, subordinates do not show
elevated levels of glucocorticoids. Furthermore, in hierarchies, where there is more instability due to
competition for the high ranking positions, dominants may show higher levels of basal corticosteroids
(Goymann & Wingfield, 2004).
1.3.4

Changes in Testosterone and Sex Steroid Receptor Levels

Along with changes in glucocorticoid levels, a decline in testosterone levels has often been reported
in subordinates. These effects arise due to the impact of social stress on the reproductive axis. Subordinate
Long Evans rats in the visible burrow system show lower levels of testosterone after 2 weeks of
cohabitation (D. C. Blanchard et al., 1993) but differences in testosterone levels in WTG (wild-type
Groningen) rats maintained in the visible burrow system for the same duration were absent (Buwalda et
al., 2017). Subordinate green anoles show lower levels of testosterone after 7 days of cohabitation (Neil
Greenberg & David Crews, 1990) but not after 10 days of cohabitation indicating such differences are
dynamic. However, dominants retain higher levels of free testosterone after 10 days due to a decline in
sex hormone binding globulins (T. Hattori, 2009). Testosterone plays an important role in the acquisition
of social status, with intact males always winning encounters with castrated males (N. Greenberg et al.,
1984). However, all the castrated anoles in the aforementioned study expressed aggression suggesting that
testosterone might modulate the motivational aspects of aggression rather than the capacity itself. This is
consistent with the expression of aggression by castrated anoles in their territories but not in a neutral
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arena. Furthermore, in the cichlid fish, Astatotilapia burtoni, territorial males, when castrated, show a
decline in aggression but castration does not result in reversal of dominance in relation to non-territorial
males (Francis, Jacobson, Wingfield, & Fernald, 1992). Besides changes in testosterone levels, some
studies have also shown changes in sex steroid expression levels. For example, in Astatotilapia burtoni,
dominant fish show higher levels of mRNA expression for androgen and estrogen receptors in the
forebrain (S. S. Burmeister, Kailasanath, & Fernald, 2007). Similarly, in green anole lizards, dominants
show a region-specific trend for higher levels of androgen receptor expression in the preoptic area but not
in the amygdala or the nucleus accumbens (Tomoko Hattori & Wilczynski, 2014).
The social behavior network has been implicated in various social behaviors including aggression,
reproductive behaviors, and parental behaviors in many species (Newman, 1999). Studies using
immediate early genes like c-fos (Kabelik et al., 2013; Kabelik et al., 2014) and the neuronal metabolic
activity marker cytochrome oxidase (Eun‐Jin Yang & Wilczynski, 2007) also suggest a conserved role for
the social behavior network in producing aggressive and reproductive behaviors in Anolis lizards. A
change in social status tends to bring about a change in multiple social behaviors (as described in the
previous section) along with changes in neurochemical expression of forebrain nuclei that are a part of the
social behavior network. For example, changes in arginine vasotocin (Tomoko Hattori & Walter
Wilczynski, 2009) and androgen receptor expression (Tomoko Hattori & Wilczynski, 2014) have been
reported in the preoptic area of green anoles. Lastly, ascending arousal systems in the form of
catecholaminergic and monoaminergic projections to forebrain nuclei also show changes in activity levels
in a region-specific manner further indicating profound changes in social behavior network activity with a
change in social status.
1.4

Model Organism
Green anoles are iguanid lizards that are commonly found in southeastern United States. Green

anoles have been used as a model for studying aggression and other social behaviors due to their easily
quantifiable stereotypic displays during aggression and courtship behaviors (Neil Greenberg, 1977; N.
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Greenberg et al., 1984; Neil Greenberg & David Crews, 1990; Korzan, Summers, & Summers, 2002;
Summers & Greenberg, 1994; Wilczynski, Black, Salem, & Ezeoke, 2015). Green anoles have generally
been used for studying the behavioral and neuroendocrine effects of social status by housing male
conspecifics in a dyad. (W. Farrell et al., 2016; Neil Greenberg & David Crews, 1990; Plavicki et al.,
2004). Upon being paired, males engage in fights consisting of ritualized displays at the onset that may
then escalate into actual physical contact consisting of biting or jaw locking. The stability of the
relationship is actively maintained by the dominant reinforcing its social status by way of aggressive
displays directed at the subordinate (W. Farrell et al., 2016; N. Greenberg et al., 1984). Most fights are
resolved within the first few hours of pairing at most, resulting in a dominant-subordinate dyad that
remains generally stable over time (N. Greenberg et al., 1984).
Aggressive displays in green anoles include push-ups, head-bobs, lateral compression of the body
and extension of the red throat fan called the dewlap. Push-ups involve up and down bobbing motion of
the body generated by extension and flexion of the forelimbs whereas head bobs involve a bobbing
motion of the head only. Compression of the body along the sagittal axis or lateral compression along
with nuchal crest extension are suggested to be deployed to make the individual appear larger during
contests. Most fights consist of these ritualized displays that may occasionally escalate into actual
physical contact involving biting. Green anoles, like some fish, also display to their own mirror image or
a video recording of an aggressive conspecific. The use of a mirror eliminates variability owing to
differences in aggressive abilities of the contestants of an agonistic encounter but also prevents resolution
of social status. This allows an assessment of the fighting ability of the individual without intervening
variables.
One of the advantages of using green anoles for the study of social dominance is that dominant and
subordinate anoles are easily distinguishable by the change in body color and the position occupied by the
animal in the enclosure. Dominants tend to retain their green color and occupy elevated positions in the
enclosure. The subordinates, on the other hand, tend to turn brown from green after the fight and are
much darker than the dominants over the period of cohabitation. Subordinates often tend to occupy
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positions close to the ground and hidden from the view of the dominant animal. Acquisition and
maintenance of social status in green anoles has been shown to result in neural (Tomoko Hattori & Walter
Wilczynski, 2009; Tomoko Hattori & Wilczynski, 2014; C. Summers et al., 2003), endocrine (N.
Greenberg et al., 1984; N. Greenberg & D. Crews, 1990), and behavioral (W. Farrell et al., 2016; Neil
Greenberg & David Crews, 1990) differences amongst dominants and subordinates.
1.5

Chapter Overviews
The aim of this dissertation is to examine the impact of acquisition and maintenance of social status

on the behavior, physiology, and neurobiology of green anoles. Although behaviors like aggression and
courtship have been studied in isolation in dominant and subordinate anoles, they have not been studied
together. One aim is to examine these behaviors together along with exploratory behavior in the same
individual before and after acquisition of social status. Furthermore, how the acquisition and maintenance
of social status affects energy stores is yet to be explored in green anoles. Lastly, we examined the impact
of social status on the social behavior network that is involved in the production of aggressive and
reproductive behaviors.
1.5.1

Chapter 2
Formation of dominance hierarchies results in regulation of access to resources such as food,

territories, and mates, and thus has profound fitness consequences for the individual. Acquisition and
maintenance of social status results in a change in a multitude of behaviors including territorial and
reproductive behaviors, feeding, locomotion. Although the impact of social dominance on behaviors such
as aggression and courtship have been studied in isolation in green anoles, these behaviors are yet to be
studied together. Acquisition and maintenance of social status results in a change in a multitude of
behavior and understanding how the relationship amongst various behavioral traits changes is a step
towards understanding the mechanistic underpinnings of the regulation of these behaviors at an
integrative or organismal level. In this chapter, we investigated the impact of social status on aggression,
courtship and exploratory behaviors as well as the relation between them. Behavioral levels were

22
examined both before and after acquisition of social status in order to determine whether any behavioral
traits determined acquisition of dominance as well as to distinguish the actual impact of a change in social
status. Spatial and temporal factors can have an impact on the amount of aggressive behavior exhibited by
an individual. Since aggression was measured in the terrarium where the status was resolved, we also
measured aggression in a novel chamber to eliminate the possible motivational effects of acquisition of
social status and cohabitation in the home cage.
1.5.2

Chapter 3
We illustrated a difference in aggression, courtship and exploratory behaviors in dominants and

subordinates in Chapter 2. Importantly, subordinates show lower levels of aggression to their own mirror
image relative to dominants after 7 days of cohabitation. Aggression is energetically expensive and may
influence carbohydrate, protein and lipid metabolism depending on the species involved. The lower levels
of aggression in subordinates suggested a decline in energy availability. In this chapter, we examined the
impact of social status on hepatic and muscle glycogen levels as well as body fat levels. In addition, we
also evaluated levels of plasma glucose since subordinates in other species often show elevated levels of
plasma glucose.
1.5.3

Chapter 4
The social behavior network consists of forebrain and midbrain nuclei that have been consistently

implicated in a wide variety of social behaviors including sexual behavior, aggression and parental
behaviors (J. L. Goodson, 2005; Newman, 1999). The social behavior network consists of reciprocally
connected nuclei and differences in patterns of activation of the constituent nuclei are responsible for
producing different behaviors rather than activation of a single brain region. Since a change in social
status brings about a change in a multitude of behaviors, we investigated the impact of social status on
some of the nuclei in the social behavior network. This was done by conducting quantitative
histochemistry for cytochrome oxidase, which serves as a marker for neuronal metabolic activity.
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1.5.4

Chapter 5
Findings from each chapter are summarized and a general discussion is presented.
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2

EFFECTS OF ACQUISITION AND MAINTENANCE OF SOCIAL STATUS ON
AGGRESSION, COURTSHIP AND EXPLORATORY BEHAVIOR IN GREEN ANOLE
LIZARDS (ANOLIS CAROLINENSIS)

2.1

Introduction
Competition for access to food, mates, shelter and other such limited resources leads to formation

of social hierarchies in many species of animals. Formation of dominance hierarchies results in regulation
of access to the aforementioned resources and thus has profound fitness consequences for the individual.
Acquisition and maintenance of social status results in a change in a multitude of behaviors including
territorial and reproductive behaviors, feeding, and locomotion. One of the most widely documented
aspects of dominance hierarchies is the expression of submissive behavior and a decline in territorial
behaviors in subordinates (D. C. Blanchard et al., 1995). Conversely, many studies report that dominant
animals tend to be more aggressive (Colléter & Brown, 2011). Although subordinates across various taxa
consistently show a decline in territorial behaviors upon acquisition of social status, whether upon
attaining social dominance the ability to express aggression is modulated is less well understood.
Dominance hierarchies are resolved through agonistic encounters and thus animals that show a
predisposition for higher levels of aggression often acquire dominance, confounding the changes in
aggression due to acquisition of dominance. Winning a fight increases the motivation of the winner to
engage in an agonistic encounter or winning it but such effects often persist over a limited period of time.
Social hierarchies entail coexistence and engagement with other members and can impact the expression
of aggression and other behaviors besides the experience of the agonistic encounter.
Animals that possess a predisposition for aggression levels often also differ consistently in other
aspects such as their levels of exploratory behavior and reactivity to stress. For example, aggressive
rodents tend to explore a new object with lower latency and explore superficially whereas non-aggressive
rodents are thorough and slow explorers (Benus, Koolhaas, & Van Oortmerssen, 1987). Similar results
have been reported in other mammals like pigs (Hessing et al 1994), fish (Colléter & Brown, 2011), birds
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(Verbeek, Boon, & Drent, 1996), and reptiles (Korzan, Øverli, & Summers, 2006). Such a correlation
between behavioral traits has been observed in animals in the field as well as in laboratory setting.
Furthermore, animals with a particular predisposition for certain traits including higher levels of
aggression and boldness are more likely to attain social dominance. Rainbowfish that attain dominance
status tend to show higher activity levels are bolder and more aggressive (Colléter & Brown, 2011),
whereas green anole lizards that show shorter latency to feed and produce aggressive displays tend to
attain dominance (Korzan, Øverli, et al., 2006). Although animals possess a predisposition for certain
behavioral characteristics, individuals exhibit plasticity in their behavioral levels depending upon the
environmental context. A pronounced change in the animal's condition such as after a change in social
rank results in a change in a wide range of behaviors such as foraging, territorial behaviors, anti-predator,
and defensive behaviors. Under such circumstances of a change in a multitude or suite of behaviors,
understanding how the relation changes amongst various behavioral traits such as boldness and
aggression is a step towards understanding the mechanistic underpinnings of the regulation of these
behaviors at an integrative or organismal level.
Although a predisposition for aggression can play a considerable role in determining fighting
ability, extrinsic factors such as past experiences, the context of the encounter, and quality and familiarity
of the opponent also cast a considerable influence on the expression of aggression. To understand the
impact of the acquisition and maintenance of social rank on fighting ability, it is essential to take into
account the impact of testing conditions such as the context of the encounter including the location of the
encounter. The impact of the outcome of an agonistic encounter on subsequent encounters has been well
documented. According to the winner and loser effects, winning or losing an encounter increases or
decreases the probability of winning or losing a subsequent encounter in a time bound manner (Hsu &
Wolf, 1999). However, many territorial animals exhibit a winner effect only in a certain spatial context –
only winning encounters in the home territory influences the probability of subsequent encounters
(Fuxjager, Mast, Becker, & Marler, 2009). California mice show an enhanced ability to win fights against
a novel intruder in their home territory after a previous winning encounter in the home territory.
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Furthermore, prior residency or familiarity with a territory in itself confers a home advantage to the
resident (Sacchi et al., 2009; Stamps & Krishnan, 1999). This positive association of space and aggression
is further exemplified by place (spatial) preference exhibited by rodents (Meisel & Joppa, 1994) and
lizards (Farrell & Wilczynski, 2006) for the site where they previously experienced an agonistic
encounter. Fighting ability of dominants and subordinates in the territory where the status was resolved is
bound to be influenced by the impact of winning and losing in that specific location. Furthermore, social
stability is often maintained by the dominant animal reinforcing the social status (W. Farrell et al., 2016)
and a social hierarchy entails cohabitation resulting in both dominants and subordinates experiencing each
other’s presence over time.
We used the green anole lizard Anolis carolinensis, to examine how acquisition and maintenance
of social status modulates levels of aggression, courtship, and exploratory behavior. In addition, we also
considered the impact of the testing location on the intensity of aggression. Green anoles have been used
as a model for studying aggression and other social behaviors due to their easily studied stereotypic
displays during aggression and courtship behaviors (Neil Greenberg, 1977; N. Greenberg et al., 1984;
Neil Greenberg & David Crews, 1990; Korzan et al., 2002; Summers & Greenberg, 1994; Wilczynski et
al., 2015). Individually housed male anoles readily form stable dominant-subordinate dyads when paired
together in the laboratory (W. Farrell et al., 2016; Neil Greenberg & David Crews, 1990; Plavicki et al.,
2004). Upon being paired, males engage in fights consisting of ritualized displays at the onset that may
then escalate into actual physical contact. Most fights are resolved within the first few hours of pairing at
most, resulting in a dominant-subordinate dyad that remains generally stable over time (N. Greenberg et
al., 1984). The stability of the relationship is actively maintained by the dominant reinforcing its social
status by way of aggressive displays directed at the subordinate (W. Farrell et al., 2016; N. Greenberg et
al., 1984). One of the advantages of using green anoles for the study of social dominance is that dominant
and subordinate anoles are easily distinguishable by the change in body color and the position occupied
by the animal in the enclosure. Dominants tend to retain their green color and occupy elevated positions
in the enclosure. The subordinates, on the other hand, tend to turn brown from green after the fight and
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are much darker than the dominants over the period of cohabitation. Subordinates often tend to occupy
positions close to the ground and hidden from the view of the dominant animal. Acquisition and
maintenance of social status in green anoles has been shown to result in neural (Tomoko Hattori & Walter
Wilczynski, 2009; Tomoko Hattori & Wilczynski, 2014; C. Summers et al., 2003), endocrine (N.
Greenberg et al., 1984; N. Greenberg & D. Crews, 1990), and behavioral differences amongst dominants
and subordinates. Previous studies on the impact of social status on behavior have shown an increase in
stress reactivity (Plavicki et al., 2004) and a decline in courtship levels (Neil Greenberg & David Crews,
1990) in subordinates.
In this study, we used green anoles to understand the impact of social status on aggression along
with courtship and exploratory behavior. Size and weight-matched male anoles were paired to form
dominant-subordinate dyads. Levels of aggression, courtship and exploratory behavior were measured a
week before and after the animals were paired. Green anoles respond aggressively to their own image
when presented with a mirror, thus eliminating the necessity of using an opponent to test the levels of
aggression and the variables associated with using an opponent that could be hard to control for such as
the motivational level of opponents. We predicted that a decline in territorial behaviors with
subordination would be accompanied by a decrease in boldness during the exploratory behavior test.
Since our results showed a decline in aggression in subordinates a week after social status acquisition, we
also investigated whether this could be simply attributed to the aggression test being conducted in the
same chamber where resolution of the dominant-subordinate relationship occurred. In other words, to
ensure that the results obtained in the aggression test in our first study were not simply a consequence of
any cognitive or motivational factors owing to the location of the test, we tested the animals for
aggression in a novel chamber. Any changes in aggression at this point of time (7 days) in the absence of
cognitive or motivational factors may be attributed to changes in actual fighting ability due to
physiological changes. We also considered the impact of winning the fight on aggression due to cognitive
or motivational factors, by testing the winners and losers of the fight after one day of cohabitation when
physiological changes are actually limited.
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2.2
2.2.1

Materials and methods
Animals
Adult male and female green anoles, Anolis carolinensis, were purchased from Charles Sullivan

Inc., Nashville, TN. All males were individually housed upon arrival in an enclosure made by dividing
a10 gallon glass terrarium into two equal halves using an opaque divider. The glass terrarium was divided
into two equal chambers by an opaque wooden divider and each chamber was provided with a perch, a
water dish, and plastic foliage. Heat lamps were hung in front of the terraria to allow the lizards to bask
and the light/dark cycle of the room was kept 14/10 to establish a breeding season environment. The
animals were sprayed with water and fed 4-5 crickets three times a week. Illumination was provided using
a fluorescent ultraviolet bulb. All protocols were approved by Georgia State University Institutional
Animal Care and Use Committee.
2.2.2

General experimental design
Size plays an important role in conflict resolution in anoles and to control for this, weight and size

matched males were used to form dominant-subordinate dyads (Tokarz, 1985). The size (> 60cm) and
weight matched pairs were moved to a clean terrarium identical to the original one 48 hours before
pairing. On the day of pairing, one of the animals was introduced into the other animal’s enclosure and
the fight was observed for 10 minutes and the animals were checked again after 90 minutes. After the
fight, the divider was removed and the perch in the enclosure where the fight occurred was left in place
whereas the perch in the other enclosure was removed. The fight was conducted in a single enclosure
rather than the whole terrarium to ensure that the dominant-subordinate relationship was established
through an agonistic encounter. The winner and the loser of the fight were determined on the basis of
their position in the cage, changes in body color, amount of aggression as in (W. J. Farrell, D. T. Nair, B.
M. Miller, & A. M. Zigler, 2016; Tomoko Hattori & Wilczynski, 2014; Wilczynski et al., 2015). Losers,

29
besides turning brown in color, also tend to retreat from the fight during the encounter. Animals were
monitored daily and their body color and position in the cage was recorded.
Aggression, courtship and exploratory behavior were measured at least 6 days before pairing.
Since the tests were conducted on the same animal, the tests were conducted on different days and the
order of the tests was randomized. The three tests were carried out again in a randomized manner on the
6th, 7th and 8th day after the formation of dominant-subordinate dyads.
Green anoles perform stereotypical displays during courtship and aggression (Dunham &
Wilczynski, 2014). Both aggression and courtship displays consist of pushups, head-bobs, and extension
of the red throat fan called the dewlap. Agonistic encounters in green anoles also consist of other display
behaviors including lateral compression where the animal compresses its body along the sagittal axis to
appear larger to their opponents. Pushups consist of movement of the entire body up and down by
extension of the front legs whereas head-bobs only involve the bobbing motion of the head. Since lateral
compression and display of the dewlap generally occur either prior to or along with push-ups and headbobs, we only quantified head bobs and pushups. Each bout of head bobs and pushups was quantified as a
bout of aggression or courtship displays.
2.2.3

Home Cage Aggression and Courtship
Before the formation of the dominant-subordinate dyads, aggression was elicited by introducing a

mirror with its reflective side facing the animal at the back of the cage. Measurement of aggression by
simulating the presence of an intruder has been conducted successfully by either using a video recording
(E. J. Yang, Phelps, Crews, & Wilczynski, 2001) or mirror where the subject animal displays to its selfimage (Dunham & Wilczynski, 2014; Farrell & Wilczynski, 2006). Courtship was measured by
introducing a female into the enclosure for 30 minutes. After formation of the dyad (that occupied the
whole terrarium), the aggression and courtship tests were conducted by reintroducing the barrier and
dividing the terrarium into two chambers as before. The enclosure with the perch, where the initial
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encounter took place, was used as the testing chamber and the animals were housed in the other chamber
with foliage.
2.2.4

Neutral Venue Aggression
To test the impact of testing location on fighting ability, dominant-subordinate dyads were set up

as before using a different set of animals (n =12 pairs). Instead of the home terrarium where the
dominant-subordinate dyad was formed, the animals were tested in a clean enclosure in a different
terrarium with a similar setup described earlier. The animals were allowed to acclimate for 15 minutes in
the new enclosure before introducing the mirror. Each bout of push-ups or head-bobs was quantified as a
bout of aggressive display. The animals were returned to the original terrarium after the termination of the
test (30 minutes).
2.2.5

Short term pairing
To test whether aggression was influenced after a day of cohabitation, dominant-subordinate

dyads were step up as in the previous experiment but using a separate set of animals (n =10 pairs). All
procedures were identical to the home cage aggression test except for the time of the aggression test. 24
hours after pairing the animals, the animals were separated again by an opaque barrier to conduct the
simulated aggression test using a mirror.
2.2.6

Exploratory Behavior
We examined exploratory behavior in 15 pairs of males at least 6 days before and after attaining

dominance. We used a design similar to the one employed with Anolis sagrei by Kuo et al. (Kuo,
Irschick, & Lailvaux, 2015) with a few changes. A large plastic container (70×37×30.5 cm) with a lid was
used to conduct the exploratory behavior test. The container was divided into a smaller acclimation
chamber (17.5×37×30.5 cm) and an exploration chamber using a cardboard divider. A trapdoor was
cutout in the cardboard partition that could be opened after the acclimation period. The exploration
chamber consisted of 3 perches whereas the acclimation chamber consisted of foliage. The bottom of the
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chamber was lined with carpets. The animals were placed in the acclimation chamber for 20 minutes with
the trapdoor shut and at the end of this acclimation period the trapdoor was opened and the activity of the
animals was recorded using a video camera facing the container. The carpets and perches were replaced
and the container was wiped with water between each trial. We measured the latency to enter the
exploration chamber, total duration spent in the exploration chamber as well as the duration spent on the
perches. There were instances where the animals returned to the acclimation chamber after entering the
exploration chamber and vice versa. In such cases, we calculated the total duration spent in the
exploration chamber.
2.2.7

Data Analysis
Data from all the experiments except for the aggression levels in animals paired for 1 day were

analyzed by repeated measures ANOVA followed by post hoc comparison of groups (Holms- Sidak)
using Sigmastat v3.5 software. Non-parametric tests were used when the normality assumption was
violated.
2.3

Results
Descriptive statistics and results of group comparisons are summarized in Table 1 and 2

2.3.1

Home Cage Aggression
Six days after the formation of the dominant-subordinate dyads, paired t-tests revealed a

difference in the number of displays during the aggression test (Fig. 2.1). Dominant animals showed
greater number of displays during the simulated aggression tests conducted with the mirror (n = 16 pairs, t
= 2.239, p = 0.029). Such differences in aggression were absent a week before the males were paired to
form dominant-subordinate dyads. Furthermore, both dominants (n = 16, t = 3.534, p = 0.001) and
subordinates (n = 16, t = 5.066, p <0.001) showed a decline in aggression after acquisition of social status.
We also conducted aggression tests on a separate set of dominant-subordinate dyads one day after
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formation of the dyad. Dominants showed significantly higher levels of aggression than subordinates after
one day as well (n = 8, Mann-Whitney U Statistic = 63.500, p = 0.001).
2.3.2

Neutral Venue Aggression
The results for aggression in a novel cage were similar to those obtained for aggression levels in

the cohabitation chamber. Dominants showed higher levels of aggression relative to subordinates (n =11
pairs, t = 2.29, p = 0.029) after acquisition of social status (Fig. 2.2). Animals that later attained dominant
and subordinate status respectively, did not differ in their levels of aggression before acquisition of social
status but there was a trend towards the would-be dominants possessing higher levels of aggression (n =
11 each, t = 1.757, p = 0.087). Subordinates, as in the home cage aggression experiment, showed a
decline in aggression relative to their own levels before acquisition of social status (n = 11, t = 2.43, p =
0.024)
2.3.3

Courtship
As with aggression, differences in levels of courtship were absent amongst individuals that

eventually obtained dominant and subordinate status but both dominants (n =16, t = 3.353, p = 0.002) and
subordinates (n = 16, t = 5.821, p < 0.001) showed a decline in courtship relative to their respective levels
before pairing (Fig. 2.3). However, unlike aggression, statistically significant differences in courtship
levels were absent a week after the animals were paired but there was a strong trend towards higher levels
of courtship in dominants (n = 16 pairs, t = 1.948, p = 0.056)
2.3.4

Exploratory Behavior
Before acquisition of their respective status, dominants and subordinates did not show any pre-

existing differences during the exploratory behavior tests on any of the measures including latency to
enter the novel chamber, the duration spent in the novel chamber or the duration spent on the perches.
After acquisition of their respective social status, dominants spent a greater duration of time in the novel
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chamber relative to subordinates (n = 16 pairs, t = 2.246, p = 0.029) (Fig. 2.4). No differences were
observed between the duration spent in the novel chamber before and after pairing.
2.3.5

Correlations
Although many of the correlations amongst different behaviors within any particular group were

negligible, there were a few exceptions (Table 2.4). One exception was the correlation between courtship
and exploratory behavior in future dominants that showed a modest correlation (r = 0.428, p = 0.112). The
correlation between the two behaviors in future subordinates was much weaker (r = 0.233, p = 0.403).
The relationship between aggression and courtship after acquisition of social status was very strong in
subordinates (r = 0.823, p < 0.001) but this was driven by the negligible levels of courtship and
aggression shown by subordinates.

2.4

Discussion
Our study showed that the impact of acquisition and maintenance of social status is not only

restricted to social behaviors like aggression but also extends to other behaviors such as exploratory
behavior. After acquisition of social status, dominant anoles showed higher levels of aggression relative
to subordinates not only in the arena where the status was resolved but also in a novel arena suggesting a
context independent difference in aggression with social status acquisition. Furthermore, dominants also
showed higher levels of exploratory behavior and courtship than subordinates, although the difference in
mean courtship levels was not statistically significant.
A week after the acquisition of social status, subordinates showed much lower levels of
aggression and courtship (approaching significance) than dominants. Furthermore, relative to their own
behavior before pairing, subordinates also exhibited a drastic decline in both courtship and aggression,
showing almost negligible levels of either behavior. These changes in subordinate anoles are consistent
with studies in a wide variety of species that show a decline in aggression and reproductive behaviors in
subordinates (D. C. Blanchard et al., 1995). Although such a decline in many species is accompanied by
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higher basal corticosteroid levels, previous studies in green anoles have shown an absence of difference in
basal corticosteroid levels (Neil Greenberg & David Crews, 1990; T. Hattori, 2009). A difference in
sympathetic activity, considered to be responsible for the difference in body color observed in dominants
and subordinates, could possibly contribute to the difference in territorial behaviors.
Although dominants exhibited higher aggression than subordinates in the home cage, both
dominants and subordinates showed a decline in aggression and courtship levels relative to their presocial status levels. Unlike the decline in subordinates, such a change in animals that acquired dominance
was not anticipated. A possible cause of this decline in dominants may be attributed to the cost of
maintaining dominance since dominant animals actively maintain their status by directing regular bouts of
displays towards the subordinate animal (W. J. Farrell et al., 2016). Furthermore, the decline in dominants
could also be due to the adverse psychosocial effects of cohabitation with a subordinate in a constrained
space. It must also be noted that the impact of social status on dominant and subordinate animals is
contingent upon the stability of rank.
Besides the relatively higher levels of aggression in the home cage, dominants also showed
higher levels of aggression relative to subordinates in a novel cage. This suggests that the difference in
aggression observed between dominants and subordinates cannot be attributed completely to any
cognitive or motivational advantage conferred on the dominants due to prior residence. Furthermore,
these results suggest an impact of social status on actual fighting ability due to physiological changes and
corroborate the results from previous studies showing changes in the brain (T. Hattori & W. Wilczynski,
2009; Tomoko Hattori & Wilczynski, 2014; Summers et al., 1998) and endocrine profile (N. Greenberg et
al., 1984; N. Greenberg & D. Crews, 1990; T. Hattori, 2009; C. H. Summers et al., 2003) a week to 10
days after acquisition of social status. Since the studies on the expression of aggression in the home and
the novel cage were carried out on a different set of animals, any direct comparison between the levels of
aggression measured in the home cage as opposed to the novel cage was not possible.
We also found a significant difference in aggression levels in dominants and subordinates, a day
after the status was resolved. However, we did not have a complete data set for their pre-status levels of
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aggression and a preexisting difference in aggression levels in this subset of animals cannot be ruled out.
The duration between the test and the resolution of the fight between the dyad was too short to have
pronounced physiological changes to influence actual fighting ability. If our results were not driven by
pre-existing differences in aggression levels, it is likely that the differences observed after 24 hours of
cohabitation were due to cognitive or motivational effects or the impact of the fight itself. Furthermore,
these results are consistent with the decline in courtship observed one day after formation of social status
where dominants showed higher levels of courtship (Neil Greenberg & David Crews, 1990).
Besides showing greater levels of aggression, dominant anoles also spent a greater duration in the
novel chamber during the exploratory behavior test suggesting either an increase in boldness or general
locomotor activity. Such differences in boldness have also been reported in dominant-subordinate dyads
in rats, where dominant rats spent most of their time exploring in an open field test whereas subordinates
stop exploring much sooner and spend more time grooming (Raab et al., 1986). Differences in
exploratory behavior are especially noteworthy because such differences may not only influence
territorial behaviors such as patrolling but may also influence the rate of predation, energy utilization and
foraging (that are not directly related to reproductive success). Thus, modulation of boldness may also
have a bearing on the survival of the individual and thus its fitness. In a field study conducted on spiny
mountain lizards by Marler et al. (Marler & Moore 1988), testosterone implanted Sceloporus jarrovi spent
more time performing aggressive displays and were active for longer durations. This resulted in lower
survival since the testosterone implanted animals spent longer time being active at the expense of
foraging, thereby disrupting their energy balance. This also increased the conspicuousness of the animals
possibly contributing to their lower survival due to a greater rate of predation (Marler, Walsberg, White,
Moore, & Marler, 1995). The difference observed between dominant and subordinate anoles in our study
was absent before pairing and driven by a non-significant increase in the duration spent in the novel
chamber after acquisition of social status in dominants. On the other hand, subordinate animals spent
almost an equivalent amount of time in the novel chamber before and after acquisition of status. Although
differences were absent in subordinate animals before and after acquisition of social status, the limited
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complexity of the environment in the novel chamber, but for the presence of perches, may have hindered
the capture of any changes in space use that might have occurred among any of the groups. Interestingly,
there was an absence of difference in the latency to explore the novel chamber after acquisition of social
status even though dominants and subordinates differed in the duration spent in the novel chamber. This
argues against attributing the difference to motivation to investigate a novel setting and may be attributed
to the willingness to occupy or explore a novel environment.
Previous studies in a variety of species including green anole lizards have shown that animals
show a predisposition for aggression and/or boldness acquire dominance (Dahlbom, Lagman, LundstedtEnkel, Sundström, & Winberg, 2011; Summers et al., 2005). In this study, we did not observe any
significant differences in aggression or any of the other behaviors before pairing nor did the levels of
these behaviors predict the social status that the animal attained. A recent study by Buwalda et al.
suggests that factors other than a predisposition for aggression may determine social rank since levels of
aggression did not predict the rank achieved in a social hierarchy in rats (Buwalda et al.2017). One factor
contributing to the lack of pre-existing differences in these behaviors could be that animals that had
brown body color or had the tendency to hide under the foliage were not selected for the study. Although
this was done to ensure that animals that were sick were not included in the study, body color and
microhabitat use are associated with metabolism. It is possible that some of the animals that were
excluded from our study could be representative of the natural variation observed in color and
microhabitat use.
Correlations amongst different behaviors can inform our understanding of the regulation of
behaviors at the level of the whole organism. The absence of any correlation in the levels of aggression
and courtship before pairing was unexpected. Unlike after gaining social status, most animals showed at
least some behavior in both the tests before pairing. Although testosterone has been implicated in the coregulation of these behaviors in a territorial context, the absence of correlation may be attributed to
downstream targets of the sex steroid as well as other regulators of these behaviors. There was, however,
a modest correlation between levels of courtship and duration spent in the novel chamber especially in the
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animals that eventually attained social dominance. Furthermore, this correlation became negligible after
attaining social status. The mechanistic basis of exploratory behavior has not been well studied in lizards,
however, boldness has been associated with sympathetic nervous system activity in other taxa (Koolhaas
et al., 1999). Our results may suggest a change in the relation between the regulation of sexual behaviors
and exploratory behavior after acquisition of social status.
Overall, our results show that green anoles show a change in both social and non-social behaviors
only after acquisition and maintenance of social status. Importantly, the differences were absent before
acquisition of social status indicating that the differences observed upon acquisition of social status were
not due to any pre-existing differences but caused due to cohabitation.
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Figure 2.1 Effects of social status on aggression upon mirror presentation in the home cage
Dominant anoles (black bars) showed greater number of bouts of aggression after acquisition of social
status relative to subordinate animals (gray bars). Both dominants and subordinates showed a decline in
aggression relative to their respective levels before acquisition of social status. Bars indicate mean ± SE.
Absence of a common uppercase letter above the bars indicates a significant difference (p < 0.05).
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Figure 2.2 Effects of social status on bouts of aggressive displays in a novel cage
Dominants (black bars) performed greater number of bouts of aggression relative to subordinates (gray
bars) in a novel cage after acquisition of social status. Bars indicate mean ±SE. Absence of a common
uppercase letter above the bars indicates a significant difference (p < 0.05).
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Figure 2.3 Effects of social status on courtship displays to a stimulus female
Dominants (black bars) performed greater number of courtship displays to a stimulus female relative to
subordinates (gray bars) after acquisition of social status in the home cage but this difference did not
reach significance (p = 0.056). Both dominants and subordinates showed a decline in courtship levels
relative to their own respective levels before acquisition of social status. Bars indicate mean ±SE.
Absence of a common uppercase letter above the bars indicates a significant difference (p < 0.05)
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Figure 2.4 Effects of social status on time spent in the novel chamber in the exploratory behavior
test
Dominants (black) spent a longer duration of time in the novel chamber relative to subordinates (gray)
after acquisition of social status. There were no differences before acquisition of social status or in either
group before and after acquisition of social status. Bars indicate mean ±SE. Absence of a common
uppercase letter above the bars indicates a significant difference (p < 0.05).
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Table 2.1 Levels of aggression, courtship and exploratory behavior before acquisition of social
status

Future Dominants
Mean

SEM

Future
Subordinates
Mean

SEM

Statistics
D vs. S
t = 0.851,

Aggression (n = 15 pairs)

83.625

13.363

70.625

14.362

p = 0.398
t = 0.53,

Courtship (n=15 pairs)

21.333

2.993

23.4

4.214

p = 0.598

Exploratory behavior (n=15
pairs)
Duration spent in novel
chamber

t = 1.156,
16.142

3.139

12.756

3.532

p = 0.253
t = 0.623,

Latency to enter novel chamber

16.996

3.818

20.465

4.172

p = 0.543
MW U = 115,

Time spent of perches.
Aggression (Novel Cage) (n=11
pairs)

8.554

3.547

4.815

2.319

p = 0.596
t = 1.757,

94.091

17.294

59.636

14.048

p = 0.087
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Table 2.2 Levels of aggression, courtship and exploratory behavior after acquisition of social status

Dominants
Mean

SEM

Subordinates
Mean

SEM

Statistics
D vs. S
t = 2.239,

Aggression (n = 15 pairs)

34.75

9.02

0.563

0.241

p = 0.029
t = 1.948,

Courtship (n = 15 pairs)

8.2

2.326

0.6

0.434

p = 0.056

Exploratory behavior (n = 15
pairs)
t = 2.246,
Duration spent in novel chamber

24.067

3.348

12.675

3.983

p = 0.029
t = 1.28,

Latency to enter novel chamber

15.862

3.288

21.619

4.462

p = 0.221
MW U = 128 ,

Time spent of perches

5.618

2.559

4.9

2.943

Aggression (Novel Cage)
(n = 11 pairs)

p = 0.729
t = 2.29,

60.455

13.887

15.545

8.954

p = 0.028
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Table 2.3 Comparison of aggression, courtship, and exploratory behavior levels before and after
acquisition of social status within dominants and subordinates

Dominants
(Before vs After)

Subordinates
(Before vs. After)

Aggression (n = 15 pairs)

t = 3.534, p < 0.001

t = 5.066, p < 0.001

Courtship (n = 15 pairs)

t = 3.353, p = 0.002

t = 5.821, p < 0.001

Duration spent in novel chamber

t = 1.109, p = 0.277

t = 0.096, p = 0.928

Latency to enter novel chamber

t = 0.234, p = 0.818

t = 0.0161, p = 0.987

MWU = 117, p = 0.656

MWU = 126, p = 0.799

t = 1.86, p = 0.078

t = 2.438, p = 0.024

Exploratory behavior (n = 15 pairs)

Time spent of perches
Aggression (Novel Cage) (n = 11 pairs)
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Table 2.4 Correlations among different behaviors within subordinates and dominants
Aggression vs.

Future Dominants
Future Subordinates
Dominants
Subordinates

Pre-pair vs. Post-pair
Dominants
Subordinates

Courtship vs.

Courtship vs.

Exploratory behavior

Aggression

Exploratory behavior

(Duration)

r = 0.0594, p = 0.833
r = 0.0409, p = 0.855
r = 0.0613, p = 0.828
r = 0.823, p < 0.001

Aggression
r = 0.340, p = 0.198
r = 0.259, p = 0.332

r = 0.428, p = 0.112
r = 0.233, p = 0.403
r = 0.061, p = 0.828
r = 0.182, p = 0.517

r = 0.004, p = 0.988
r = 0.126, p = 0.642
r = 0.137, p = 0.627
r = 0.225, p = 0.421

Courtship
r = 0.120, p = 0.67
r = 0.303, p = 0.272

Exploratory behavior
(duration)
r = 0.139, p = 0.621
r = 0.043, p = 0.879
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EFFECTS OF SOCIAL STATUS ON ENERGY STORES IN GREEN ANOLE LIZARDS
AFTER 11 DAYS OF COHABITATION

3.1

Introduction
Formation of dominance hierarchies is a common phenomenon observed in many vertebrate

species. A change in social status results in a change in a multitude of behaviors including territorial
behaviors, foraging, feeding and general locomotor activity (D. C. Blanchard et al., 1995). One of the
most commonly observed phenomena is general behavioral inhibition in subordinates that involves a
decline in aggression, sexual behaviors and decreased locomotion and food intake. These behavioral
changes, especially in territorial behaviors are similar to changes observed during energy scarcity marked
by a shift in energy dynamics towards survival over reproductive success (Schneider, 2004). Such
behavioral changes should be associated with physiological changes that result in the reallocation of
energetic resources towards new behavioral and physiological priorities (McEwen & Wingfield, 2003).
To summarize, a change in social status often involves a change in proclivity towards various behaviors
accompanied by a change in the storage, allocation, and utilization of energy. In the present study, we
examined differences in energy storage after acquisition of social status in the green anole lizard, Anolis
carolinensis.
Agonistic encounters are often resolved by the use of signals such as displays and vocalizations
that advertise male quality in terms of motivation and fighting ability. This avoids the cost of injuries
associated with actual physical fights. Males capable of displaying at higher rates and duration tend to be
more successful in agonistic contests with conspecifics (Briffa & Elwood, 2001; Clutton-Brock & Albon,
1979). For such signals to be honest and reliable indicators of male quality, displays should be costly to
maintain and/or produce (Grafen, 1990; Zahavi, 1975, 1977). Production of displays not only makes the
individual conspicuous and increases predation rate but also involves costs in terms of energy and time
expenditure (Marler et al., 1995) ensuring reliability of the signal. Although the cost of fighting has been
studied in various species (Smith & Taylor, 1993), most animals perform displays that escalate into
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physical encounters making it difficult to distinguish the cost of performing displays. Thus, the
expenditure of energy during an encounter depends on the tactic employed by individuals but few studies
have managed to evaluate the energetic cost of displays alone by simulating the presence of an intruder
using a mirror. For example, performance of displays is associated with endurance in side-blotched
lizards (Uta stansburiana) and results in accumulation of lactate due to increased glycolysis (Brandt,
2003). Similarly, the Siamese fighting fish, Betta splendens, show an increase in metabolic activity after
performing displays to their own mirror image (Castro, Ros, Becker, & Oliveira, 2006).
Green anoles have been the subject of various studies over the past four decades investigating the
behavioral and neuroendocrine effects of social dominance (W. Farrell et al., 2016; N. Greenberg et al.,
1984; Neil Greenberg & David Crews, 1990; Summers & Greenberg, 1994; Wilczynski et al., 2015).
Individually housed male anoles readily form stable dominant-subordinate dyads when paired together in
the laboratory (W. Farrell et al., 2016; Neil Greenberg & David Crews, 1990; Plavicki et al., 2004). These
dominant-subordinate relationships are established by an initial agonistic encounter and are actively
maintained by the behavior of the dominant animal towards the subordinate (W. Farrell et al., 2016). The
aggressive encounters involve mostly displays that may escalate into biting and chasing. Agonistic
displays during aggressive encounters include stereotypical bobbing movements, push-ups, lateral
compression and display of the throat fan called the dewlap. These aggressive displays play an important
role in determining the outcome of the fight with the animal producing displays with greater intensity
attaining social dominance (Wilczynski et al., 2015). Furthermore, green anoles produce aggressive
displays to their self-image reflected by a mirror, allowing an assessment of an animal's tendency for
aggression while precluding issues concerning the use of another conspecific (Dunham & Wilczynski,
2014; Farrell & Wilczynski, 2006; Korzan et al., 2002). In our previous work, we have demonstrated a
difference in levels of aggressive displays amongst dominant and subordinate anoles after a week of
cohabitation by using the aforementioned experimental setup (Chapter 2). Subordinates show lower levels
of aggressive displays than dominants, with subordinates showing almost negligible levels of aggressive
displays after acquisition of social status. Given the energetic cost of producing displays and importance
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of displays in determining fight outcome in green anoles, a decline in aggressive displays observed in
subordinates after attainment of social status could potentially suggest a decline in energetic availability.
Besides changes in levels of aggressive displays, dominant and subordinate anoles also display
different behavioral and phenotypic profiles that suggest a difference in energy dynamics. Subordinates
show greater arousal relative to dominants in a forced movement paradigm after two weeks of
cohabitation (Plavicki et al., 2004). Such a difference in response could either be the outcome of a
difference in psychological response to being chased or a difference in endurance. Regardless of the
precise underlying cause, a response to a stressor or a physical challenge involves mobilization of
energetic resources and such a difference in stress reactivity may suggest a difference in either utilization
or availability of energetic resources. Furthermore, dominants and subordinate anoles show a distinct
phenotypic profile in terms of body color. Dominants tend to retain their green color after acquisition of
social status whereas subordinates tend to turn brown from green after the fight and are much darker than
the dominants over the period of cohabitation (N. Greenberg et al., 1984). Body coloration in green anoles
is free from neural regulation and is modulated by the endocrine effects of melanocyte stimulating factor
(MSH), adrenocorticotropic hormone and plasma catecholamines (Hadley & Goldman, 1969). The
catecholamines, epinephrine, and norepinephrine, are both involved in the control of body color with
epinephrine interacting with MSH to produce darkening (Summers & Greenberg, 1994). MSH levels
increase in response to both social and environmental stressors and the darker body color of subordinates
suggests an increased activation of the adrenal medulla and the hypothalamic-pituitary axis during
cohabitation. These symptoms suggest greater arousal in subordinates over the period of cohabitation and
may imply greater energy utilization as observed during chronic stress.
Dominant and subordinate anoles also differ in microhabitat use that may reflect a difference in
body temperature. Dominants tend to occupy elevated positions in the enclosure that are closer to the
basking lamp whereas subordinates are likelier to occupy positions close to the ground and hidden from
the view of the dominant animal (W. Farrell et al., 2016; N. Greenberg et al., 1984). Being ectotherms,
body temperature and physiology are closely interrelated in green anoles. This is highlighted by the
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preference of starved anoles for lower temperatures (Brown & Griffin, 2005). Furthermore, body
temperature in agamid lizards has an influence on whether the animal proactively or reactively responds
to a stressor (Hertz, Huey, & Nevo, 1982) indicating a link between body temperature, physiology, and
social behavior. The differences in microhabitat use in dominant and subordinate anoles could thus have
implications for energy metabolism and behavior.
The behavioral and phenotypic differences documented above suggest a difference in energy
metabolism in dominant and subordinate anoles. In the present study, I examined differences in glycogen
and fat storage in dominant and subordinate anoles. I evaluated the levels of glycogen from the two major
stores of glycogen, the liver, and skeletal muscle. I also measured blood glucose levels. Liver glycogen is
responsible for blood glucose homeostasis whereas muscle glycogen is utilized locally to fuel muscle
contraction. The marked decline in courtship and aggressive displays observed in subordinate anoles in
our experiments suggests a marked change in energy dynamics warranting a consideration of changes in
fat storage along with glycogen storage. Subordinates show lower testosterone levels (Neil Greenberg &
David Crews, 1990) suggesting a decline in muscle glycogen levels, given the role of testosterone in
maintaining glycogen stores in muscle (Ramamani, Aruldhas, & Govindarajulu, 1999). The darker body
color in subordinate indicate an increased activation of the adrenal medulla as observed during chronic
stress and this suggests greater energy expenditure to overcome the stressor. Such an increase in energy
expenditure may be accompanied by either an increase in energy intake or a decrease in energy
expenditure towards other activities (McEwen & Wingfield, 2010). The former would be accompanied by
an increase in body mass as witnessed in certain rodent species (Bartolomucci et al., 2004). I tested this
by monitoring body weight before and after the cohabitation period and observed a decline in body
weight in both dominants and subordinates after acquisition of social status. In order to address whether
this decline in body weight was due to an inadequate supply of food, I conducted an additional
experiment where dominants and subordinates were provided supplemental feeding.
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3.2
3.2.1

Methods:
Study organism and experimental design
Adult green anoles were obtained from Charles Sullivan Inc., Nashville, TN. Each male was

individually housed upon arrival in one half of a 10 gallon glass terrarium. The glass terrarium was
divided into two equal chambers using an opaque cardboard divider with each chamber containing a
perch, a water dish, and plastic foliage. Heat lamps were hung in front of the terraria to allow the lizards
to bask and the light/dark cycle of the room was kept 14/10 to establish a breeding season environment.
The animals were fed 4-5 crickets three times a week and the animals were sprayed with water every day.
All protocols were approved by Georgia State University Institutional Animal Care and Use Committee.
Size (> 60cm) and weight matched pairs were moved from the original terrarium to a clean,
identical terrarium 48 hours before pairing. On the day of pairing, one of the animals was introduced into
the other animal’s enclosure and the encounter was observed for 10 minutes. The outcome of the
encounter was determined at the end of 90 minutes on the basis of the position of the animal in the cage,
changes in body color and amount of aggression. After the contest, the divider was removed and the perch
in the enclosure where the fight occurred was left in place whereas the perch in the other enclosure was
removed. The fight was conducted in a single enclosure rather than the whole terrarium to ensure that the
dominant-subordinate relationship was established through an agonistic encounter. Losers, besides
turning brown in color, also tend to retreat from the fight during the encounter. Animals were monitored
daily and their body color and position in the cage was recorded. Body weight was measured on the day
of the fight and at the end of the cohabitation period. The animals that were later used for the glycogen
assay and body composition measurements were also used for conducting courtship and mirror induced
aggression tests from day 6 to 8 after the initiation of the cohabitation period (see Chapter 2 for details).
Some of the animals paired to form dominant-subordinate dyads did not result in a long-term
stable relationship. The data from these animals were pooled with the animals that successfully resolved
their status and were analyzed by combining the unresolved pairs with the resolved pairs. This pooling
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was done by classifying the animals in two meta-groups based on the outcome of the initial contest
(referred to as “fight” in figures) and the relative amount of aggression produced during the simulated
aggression test (SA in figures). The first meta-group was classified based on whether the animal won or
lost the initial encounter regardless of reversal of status in later stages in case of the unresolved pairs. In
the case of the second meta-group, the members of the dyads were classified on the basis of aggression
shown in the mirror test (between day 6-8). Each member of the dyad was classified in as either more
aggressive or less aggressive (regardless of the degree of difference) depending on the number of
aggressive displays performed by the animal relative to its dyadic partner.
3.2.2

Body composition
Body composition of the live animals was determined using EchoMRITM. EchoMRI involves the

use of nuclear magnetic resonance to evaluate fat, lean mass, and free water levels. Unanesthetized
animals were placed in a custom plastic holder and the plastic holder was inserted in the tubular space
inside the EchoMRI machine. The machine was set up to take 5 readings from each animal that lasted
around 15 minutes. Body composition measurements were obtained 3 days before the animals were
paired and then on the 9th day after cohabitation.
3.2.3

Tissue and plasma collection
On the 11th day, the animals were weighed and then euthanized using an intraperitoneal injection

of sodium pentobarbital. Muscle tissue from the forelimbs and hind limbs, and the liver were extracted
from the carcass, flash frozen and stored at -80 C until the time of the glycogen assay. Trunk blood was
collected after decapitation using heparinized capillaries and plasma was separated from the collected
blood by centrifugation. The plasma was stored at -20 C until the time of the glucose assay. All samples
for evaluation of glycogen levels and body composition data were collected during the summers of 2015
and 2016.
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3.2.4

Liver and muscle glycogen estimation
Liver and skeletal muscle tissue were quickly removed from the animals after euthanizing the

animals with sodium pentobarbital. The extracted tissue was frozen on dry ice and stored at -80℃ until
the glycogen assay. Briefly, the weight of the tissue was determined and the tubes were kept on ice until
the next step. The tissue was digested with 30% potassium hydroxide saturated with sodium sulfate in a
boiling water bath. Glycogen was then precipitated with 95% ethanol and the precipitated glycogen was
then hydrolyzed using 4N sulfuric acid. This solution was neutralized with sodium hydroxide and a
mixture of barium hydroxide and zinc sulfate was used to precipitate out proteins. The supernatant was
vacuum dried and then re-suspended in water before using the solution for colorimetric evaluation using a
glucose assay kit (Sigma GAGO-20).
3.2.5

Plasma glucose
Plasma glucose was also determined using the same glucose assay kit. The plasma was stored at -

20℃ until the day of the assay. The plasma was thawed on ice, diluted with deionized water (25x) and
used for the colorimetric glucose assay.
3.2.6

Supplementary feeding
To evaluate whether the differences in body weight observed in dominants and subordinates from

experiments conducted during 2015 and 2016 were a consequence of food availability, we conducted a
follow-up experiment during the summer of 2017. The animals for this part of the study were obtained
from a pet store (LLL reptile). The control group consisted of anoles that were fed 3 times a week as in
the previous experiments whereas the experimental group was fed every day. Except for the difference in
feeding frequency, all other details were identical to the experiments carried out in the previous 2 years.
The animals were weighed before they were paired and on the 11th day just before they were euthanized.
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3.2.7

Statistical analysis
The results were analyzed by performing paired t-tests using Sigmastat software. In cases where

the normality test failed, square root transform was applied and subsequently, the paired t-test was carried
out.
3.3
3.3.1

Results
Effects of social status on body composition
Dominant anoles showed higher percentage of body fat levels than subordinates (n = 21, p =

0.02, t = 2.533) (Fig 3.3) but not lean mass (n = 21, p = 0.364, t = 0.928) after 9 days of cohabitation
(Table 3.2). However, significant differences were absent in the absolute levels of body fat among
dominants and subordinates (n = 21, t = 1.650, p = 0.115). There were no significant differences in body
fat percent before and after acquisition in both subordinates (n =18, p = 0.365, t = 0.931) and dominants
(n = 18, p = 0.112, t = 1.677). No statistically significant differences were observed in body weight
between future dominants and subordinates or in dominant and subordinate anoles after 11 days of
cohabitation (n = 27 pairs, p = 0.938, t = 0.0787). However, both dominants (n = 27, p < 0.001, t = 5.717)
and subordinates (n = 27, p < 0.001, t = 5.492) showed a decline in body weight.
3.3.2

Differences in glycogen storage and plasma glucose in dominants and subordinates
To investigate differences in carbohydrate storage, we examined differences in liver and glycogen

storage in dominant and subordinate anoles after 11 days of cohabitation (Table 3.1). Dominants showed
significantly higher levels of hepatic (n =16 pairs, p = 0.005, t = 3.277) (Fig 3.1) and muscle glycogen
levels (n = 12 pairs, p = 0.025, t = 2.584) (Fig 3.2). A difference in hepatic glycogen levels was also
observed in the winner of the initial contest (n = 22 pairs, p < 0.001, t = 4.183) as well as in the more
aggressive animals in the post-pair aggression test with the mirror (n = 22 pairs, p = 0.003, t =3.329). On
the other hand, the more aggressive animals in post-pair mirror test showed significantly higher muscle
glycogen levels (n = 20 pairs, p = 0.031, t= 2.332) but such a difference was absent in the winners of the
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initial fight (n =21 pairs, t = 1.877, p = 0.075). No differences were observed in plasma glucose levels (n
= 14 pairs, t = 0.960, p = 0.355)
3.3.3

Effects of feeding frequency on body weight in dominant and subordinate anoles
In dominant-subordinate dyads that were fed daily, dominant anoles showed higher body weight

relative to subordinates (n = 8 pairs, t = 2.696, p = 0.031) (Fig 3.4) (Table 3.3). Dominants showed an
increase in body weight after acquisition of social status (n = 8, t = 4.356, p = 0.003) whereas such a
change in body weight was absent in subordinates (n = 8, t = 0.778, p = 0.462). Anoles that were
maintained on a regular feeding schedule did not show a difference in body weight after 11 days of
cohabitation (n = 9, pairs, t = 1.690, p = 0.129). No differences were observed within dominants (n = 9, t
= 1.809, p = 0.108) or subordinates (n = 9, t = 1.401, p = 0.199) before and after 11 days of cohabitation
in animals on a regular feeding schedule (Table 3.3).
3.4

Discussion
In this study, we evaluated differences in the energetic profile of dominants and subordinates.

After 11 days of cohabitation, subordinates showed lower levels of muscle and liver glycogen as well as
body fat/ body weight ratio relative to dominants. The differences in body composition were absent
before acquisition of social status and thus were an outcome of acquisition and maintenance of social
status. As described in Chapter 2, acquisition of social status resulted in subordinates showing lower
levels of aggressive and courtship (approaching significance) displays relative to dominants. Given the
primacy of carbohydrates in supporting most physical activities including aggressive behavior, a
relationship between these behavioral changes and energy availability is very likely. Although a
preexisting difference in glycogen levels cannot be ruled out, the lower glycogen levels along with the
behavioral changes observed in subordinates suggest a decline in glycogen storage due to a change in
social status. Such a conclusion, however, must be based only after comparison with the glycogen profile
of singly housed controls. Furthermore, the differences in glycogen stores also need to be contextualized
in terms of the levels of glycogen synthesis, utilization (both at physiological and behavioral level) and
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food intake to provide a more comprehensive understanding of the energy dynamics in subordinates and
dominants.
Besides the differences observed in hepatic and muscle glycogen levels in dominant and
subordinate anoles, we also observed different patterns of glycogen levels in the groups that included the
unresolved pairs. Animals that showed higher levels of aggression after cohabitation in the mirror test,
regardless of resolution of social status, also showed higher levels of both hepatic and muscle glycogen
suggesting the role of both major glycogen reserves in supporting aggression. Aggression has been shown
to result in a depletion of both liver and muscle glycogen reserves (Haller, 1993; Neat et al., 1998), thus
also indicating their importance for producing aggressive behaviors. Furthermore, accumulation of lactate
due to glycogen metabolism precludes animals from conducting other ethologically relevant activities
(Haller, 1992), and losers of fights show higher lactate accumulation. Thus, although an impact of
aggression on glycogen levels is indeed plausible, the more aggressive animals including dominants
showed higher levels of glycogen rather than lower levels expected due to the effects of producing
aggressive behavior. A conservative interpretation would be that the absence of aggression in
subordinates was due to lack of enough glycogen stores. An alternative hypothesis, although not mutually
exclusive from the above statements, would be that subordinates experienced the mirror stimulus or any
of the behavioral tests as stressors which led to behavioral inhibition but also to relatively higher arousal
leading to depletion of energy resources. Since a similar profile for glycogen stores was observed in both
dominants as well as the group consisting of more aggressive animals, it is likely that higher glycogen
levels were necessary for producing higher levels of aggression. However, possessing higher glycogen
levels or producing higher levels of aggression in the mirror test did not ensure the stability of the dyad,
thus indicating that neither glycogen nor aggression levels were sufficient for producing stable dyads.
This raises the issue of the absence of stability in pairs where one of the paired animals showed higher
levels of aggression. This could be possibly due to the lack of a substantial difference in body condition
or that the difference in aggression during the mirror test after a week of cohabitation did not capture the
temporal changes in the social dynamics of the pair (e.g. status reversal).
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In addition to the differences in glycogen profile in the animals classified according to the
differences in the aggression test, we also observed differences in the glycogen profiles of animals that
were classified on the basis of whether the animal emerged as the winner or the loser of the initial fight.
Amongst the winners and losers of the initial fight, the winners only showed higher levels of hepatic
glycogen but not muscle glycogen. Since the fight occurred 11 days before the samples were acquired, it
is conceivable that changes occurred in the glycogen stores over this period and caution must be exercised
interpreting the differences. In contrast to the winners of the initial fight that possessed higher hepatic
glycogen levels but not muscle glycogen levels, dominants showed higher levels of both liver and muscle
glycogen at the end of the cohabitation period. This suggests that possessing higher liver glycogen may
not be sufficient to maintain a stable dominant position. Altogether, these data imply that possessing
enough liver and muscle glycogen stores may be necessary but not sufficient for retaining the dominant
position.
We also observed a difference in body composition with subordinate anoles demonstrating a
lower body fat/ weight ratio relative to dominants. A closer look at the differences in body composition
between dominants and subordinates suggests that this difference was only partly driven by differences in
absolute body fat levels. A modest trend was observed towards lower absolute fat levels in subordinates
suggesting that changes in body weight also contributed to this outcome. Furthermore, the
aforementioned differences in body composition were only observed in fully resolved dominantsubordinate dyads indicating that consistent differences in energy utilization only occurred when the
social status was stable and clearly resolved. In addition to the changes in body composition, we also
observed a decline in body weight within both dominants and subordinates relative to their original
weights before acquisition of social status. However, differences in body weight were absent between
dominants and subordinates at the end of the cohabitation period. The decline observed in subordinates is
consistent with the result of other studies (K. L. K. Tamashiro et al., 2007), however, the decline in
dominants suggests an increase in energy utilization in dominants as well. The decrease in body weight in
dominants is consistent with the decline in aggressive and courtship behaviors in dominants as well. This
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change in body weight in dominants must be considered in light of the trend (p = 0.112) towards an
increase in body fat/ weight ratio after acquisition of social status in dominants but the absence of a
change in absolute body fat levels. The decline in body weight and territorial behaviors indicates that
cohabitation was energetically costly for dominants as well but not at the expense of fat reserves. It must
be noted that although a change in fat reserves was absent in both dominants and subordinates relative to
their original levels, it does not preclude a change in patterns of utilization and storage of fat reserves (K.
L. K. Tamashiro et al., 2007).
Since our results showed a decline in body weight in both subordinates and dominants, we
evaluated whether these results were a consequence of limited food availability. Increasing food
availability by feeding the animals more frequently resulted in a greater body weight in dominants
relative to subordinates. Furthermore, unlike subordinates, dominants also showed an increase in body
weight relative to their original weight before cohabitation. These results must be considered in light of
the absence of any changes in the control group that was maintained on a similar feeding schedule to the
one used for our previous experiments. This indicates that increased food availability only had an impact
on dominants and the changes in energy utilization due to cohabitation in dominants were probably
ameliorated by an increase in food availability. Our inability to replicate the decline in body weight in the
control group could be either due to the variation in body condition or the past experience of the animals
used in the follow-up experiment. Furthermore, these animals were obtained from a different supplier and
animals belonging to different populations may possess different traits such as metabolic rate. Although
notes were maintained on the position and body color of the dyads on a daily basis, it is possible that there
were differences in the extent to which the dominant-subordinate dyads were stable across experiments.
In this study, we reported differences in liver and muscle glycogen levels among dominants and
subordinates. One of the caveats of the study was the absence of an individually housed control group for
the glycogen estimation experiments that could have clarified whether there was a pre-existing difference
between dominants and subordinates. Having demonstrated a difference between dominants and
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subordinates, the chronology of appearance of such differences and factors that determine changes in
energy utilization need further investigation.
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Figure 3.1 Differences in hepatic glycogen levels after 11 days of cohabitation
Subordinates/ losers showed lower levels of hepatic glycogen relative to dominants/ winners regardless of
whether social status was resolved. Mean ± SEM µg of glycogen/ g of liver at the end of the cohabitation
period. Gray and black bars indicate glycogen levels in subordinates/ losers and dominants/ winners
respectively. The resolved group consisted of stable dominant-subordinate dyad whereas the “fight”
group consisted of animals classified on the basis of the outcome of the initial fight. The last group “SA”
consisted of animals classified according to the relative degree of aggression in any pair (low (gray) vs
high (black) aggression). An asterisk indicates a significant difference (p < 0.05) within a particular
group.
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Figure 3.2 Differences in muscle glycogen levels after 11 days of cohabitation
Dominants and more aggressive anoles (SA) showed higher levels of muscle glycogen relative to
subordinates and less aggressive anoles. Bars represent mean ±SEM µg of glycogen/ g of muscle at the
end of the cohabitation period. Gray and black bars indicate glycogen levels in subordinates/ losers and
dominants/ winners respectively. The resolved group consisted of stable dominant-subordinate dyad
whereas the “fight” group consisted of animals classified on the basis of the outcome of the initial fight
(loser (gray) vs winner (black)). The last group “SA” consisted of animals classified according to the
relative degree of aggression in any pair (low (gray) vs high (black) aggression) after acquisition of social
status. An asterisk indicates a significant difference (p < 0.05) within a particular group

61

Figure 3.3 Effects of social status on body fat/ body weight ratio after 11 days of cohabitation
Subordinates showed lower body fat/ body weight ratio relative to dominants after acquisition of social
status. Such differences were present only in the group where status was resolved. Mean ± SEM body fat
relative to total body weight expressed in percentage. Gray and black bars indicate body fat percent in
subordinates/ losers and dominants/ winners respectively. An asterisk indicates a significant difference (p
< 0.05) within a particular group.
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Figure 3.4 Impact of social status on the body weight of dominants and subordinates maintained on
a regular feeding schedule
Mean ±SEM body weight in grams in dominants and subordinates before and after acquisition of social
status. Gray and black bars indicate body weight in subordinates and dominants respectively. An asterisk
indicates a significant difference (p < 0.05) within a particular group. These animals maintained on a
regular feeding schedule and were used for the body composition and glycogen studies.
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Figure 3.5 Effects of supplementary feeding on body weight in dominants and subordinates
Supplementary feeding resulted in dominants gaining weight relative to subordinates as well as their own
weight before acquisition of social status. Bars indicate mean ±SEM body weight in grams in dominants
and subordinates before and after acquisition of social status. Gray and black bars indicate body weight in
subordinates and dominants respectively. An asterisk indicates a significant difference (p < 0.05) within a
particular group. These animals were fed daily after acquisition of social status.
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Table 3.1 Differences in hepatic and muscle glycogen levels, and plasma glucose levels in dominants and subordinates after 11 days of
cohabitation

Subordinates

Dominants

Statistics

Liver glycogen (µg/g of tissue)

257.342 ± 46.144

395.11 ± 32.516

n = 16, t = 3.277, p = 0.005

Muscle glycogen (µg/g of tissue)

100.977 ± 21.772

166.91 ± 38.156

n = 12, t = 2.584, p = 0.025

Plasma glucose (µg/2 µl plasma)

5.655 ± 0.131

5.796 ± 0.166

n = 14, t = 0.960, p = 0.355

Loser

Winner

Statistics

Liver glycogen (µg/g of tissue)

265.199 ± 39.143

416.605 ± 27.119

n = 21, t =1.877, p= 0.075

Muscle glycogen (µg/g of tissue)

118.126 ± 14.375

158.389 ± 25.388

n = 21, t =1.877, p= 0.075

Lower aggression levels

Higher aggression levels

Statistics

Liver glycogen (µg/g of tissue)

263.934 ± 38.31

397.631 ± 25.676

n = 22, t = 3.329, p = 0.003

Muscle glycogen (µg/g of tissue)

107.65 ± 14.727

158.389 ± 25.388

n = 21, t = 2.332, p = 0.031
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Table 3.2 Body composition of dominants and subordinates before and after acquisition of social status

Prepair S

Prepair D

Statistics

Body fat % (body fat *100/ body weight)

5.359 ±0.561

5.515 ± 0.574

n = 18, t = 0.527, p = 0.605

Lean mass %

82.695 ± 1.347

83.363 ± 1.825

n = 18, t = 0.608, p = 0.551

Body weight

4.602 ± 0.114

4.591 ± 0.12

n = 27, t = 0.309, p = 0.760

Postpair S

Postpair D

Statistics

Body fat % (body fat *100/ body weight)

5.729 ± 0.543

6.121 ± 0.550

n = 21, t = 2.533, p = 0.02

Lean mass %

78.244 ± 1.439

79.147 ± 1.432

n = 21, t = 0.928, p = 0.364

Body weight

4.303 ± 0.111

4.308 ± 0.115

n = 27, t = 0.0787, p = 0.938

Prepair S vs Postpair S

Prepair D vs Postpair D

Body fat % (body fat *100/ body weight)

n = 18, t = 0.931, p = 0.365

n = 18, t = 1.677, p = 0.112

Lean mass %

n = 18, t = 2.320, p = 0.033

n = 18, t = 2.486 p = 0.024

Body weight

n=27, t = 5.492, p <0.001

n = 27, t = -5.716, p < 0.001
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Table 3.3 Effects of supplementary feeding on the body weight of dominant and subordinate
animals relative to animals kept on regular feeding schedule
Supplementary feeding

Prepair S

Prepair D

Statistics

Experimental group (fed every day)

4.6 ± 0.349

4.597 ± 0.339

n = 8, t = 0.0436, p = 0.966

Control

4.389 ± 0.226

4.311 ± 0.208

n = 9, t = 1.175, p = 0.274

Postpair S

Postpair D

Statistics

Experimental group (fed every day)

4.525 ± 0.291

4.975 ± 0.385

n = 8, t = 2.696, p = 0.031

Control

4.578 ± 0.254

4.411 ± 0.22

n = 9, t = 1.690, p = 0.129

Prepair S vs Postpair S

Prepair D vs Postpair D

n = 8, t = 0.778, p = 0.462

n = 8, t = 4.356 , p = 0.003

n = 9, t = 1.401, p = 0.199

n = 9, t = 1.809, p = 0.108

Experimental group (fed every day)
Control
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4

EFFECTS OF ACQUISITION AND MAINTENANCE OF SOCIAL STATUS ON
CYTOCHROME OXIDASE ACTIVITY IN THE SOCIAL BEHAVIOUR NETWORK IN
GREEN ANOLE LIZARDS (ANOLIS CAROLINENSIS)

4.1

Introduction
Studies delineating neural pathways involved in a variety of social behaviors including sexual

behaviors, aggression, social communication, and parental behaviors have shown extensive overlap in the
brain nuclei involved in those behaviors. This network of brain nuclei, conceptualized as the social
behavior network (J. L. Goodson, 2005; Newman, 1999), consists of reciprocally connected nuclei and
differences in patterns of activation of the constituent nuclei are responsible for producing different
behaviors rather than activation of a single brain region. Individual nodes or nuclei in the social behavior
network (SBN) control different aspects of these complex behaviors and have been individually
implicated for their role in multiple social, sexual and territorial behaviors in many vertebrates (O'
Connell & Hofmann, 2011). The SBN consists of limbic and midbrain nuclei including the medial
amygdala (AMY), the lateral septum (SEP), the medial preoptic area (POA), the anterior hypothalamus
(AH), ventromedial hypothalamus (VMH), the ventral tegmentum and periaqueductal gray. The SBN has
been recently expanded to include mesolimbic nuclei like the nucleus accumbens and ventral pallidum
involved in decision making and motivational aspects of behavior (and has been referred to as the social
decision-making network)(O' Connell & Hofmann, 2011).
Since the pattern of activity in the SBN as a whole determines the behavioral output, changes in
individual nuclei relative to other nuclei or changes in functional connectivity (correlated activation in
nuclei) determine behavior. Changes in functional connectivity may be independent of anatomical
connections and could arise due to direct or indirect coordination of activity. Developmental and social
factors that influence aggressive and sexual behaviors result in concomitant changes in activity in the
SBN. Specifically, these behavioral changes are accompanied by changes in the activity of individual
nuclei as well as the functional connectivity between nuclei in the SBN (Sakata et al., 2000; Eun‐Jin Yang
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& Wilczynski, 2007). Studies conducted by Sakata et al. (Sakata et al., 2000) and Yang and Wilczynski
(Eun‐Jin Yang & Wilczynski, 2007) have demonstrated that changes in functional connectivity between
two or more nuclei parallel behavioral changes even in the absence of differences in mean neural activity.
For example, Yang and Wilczynski examined the effects of social experience on aggression and the social
behavior network in green anole lizards by exposing male lizards to an aggressive video stimulus on 5
consecutive days. Animals that were exposed to the video stimulus showed an increase in aggression that
was correlated with both activity in individual nuclei as well as functional connectivity across SBN
nuclei. Crucially, the study demonstrated a change in functional connectivity between the VMH and AH
in the animals exposed to the visual stimulus even in the absence of a difference in the activity levels of
the individual nuclei. This is consistent with the concept of the social behavior network that emphasizes
the role of the pattern of activity across the network.
Changes in social status, like developmental and experiential factors in the aforementioned
studies, have the ability to sculpt neural circuits. Dominants and subordinates differ in both social and
non-social aspects of their behavior including changes in territorial, reproductive, feeding and locomotor
behaviors (D. C. Blanchard et al., 1995). Such widespread behavioral changes are accompanied by
physiological changes that are indicative of modulation of multiple neural circuits that control these
behaviors. As a part of our effort to delineate changes in neural networks in response to social status, we
undertook to evaluate differences in the activity of limbic forebrain nuclei in dominant and subordinate
green anoles. Green anoles readily form dominant-subordinate relationships when housed together in
captivity (W. Farrell et al., 2016; Plavicki et al., 2004; Summers & Greenberg, 1994). After an initial fight
that may last from 30 minutes to a few hours, dominant-subordinate relationships are settled within 24
hours and are generally stable. Acquisition and maintenance of social status in green anoles as in other
vertebrates also results in a change in a multitude of behaviors including in courtship, aggression and
exploratory behavior (Shukla dissertation Ch. 2). To be precise, subordinate anoles show lower levels of
aggressive and courtship displays relative to dominants after acquisition of social status. Furthermore,
subordinate anoles show lower aggression levels not only in the cohabitation chamber but also when
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tested in a novel chamber suggesting a change in absolute levels of aggression (and thus underlying
physiological and neural mechanisms) (Shukla dissertation Ch.2). Furthermore, subordinates show lower
levels of testosterone after a week of cohabitation (Neil Greenberg & David Crews, 1990) and tend to
have a darker body color relative to their dominant counterparts. Body color in green anoles is regulated
by catecholamines and adrenocorticotropic hormone (Summers & Greenberg, 1994) further suggesting a
change in the endocrine milieu. Thus, the aforementioned differences in social behaviors and the
concomitant physiological changes suggest sculpting of neural circuits involved in the control of those
behaviors rather than transient changes rooted in cognitive factors.
The social behavior network is evolutionarily conserved (O'connell & Hofmann, 2011) and
evidence from reptiles including green anoles (Neil Greenberg et al., 1984; Neal & Wade, 2007; Sakata
et al., 2000; Wheeler & Crews, 1978) and the closely related brown anoles (Kabelik et al., 2013) are
consistent with the role of SBN nuclei in regulation of social behaviors. Almost all of the nuclei in the
social behavior network express sex steroid receptors and are sensitive to the effects of changes in stress
hormones as well. Thus, the endocrine and behavioral changes described above in dominant and
subordinate anoles suggest differences in baseline activity levels in neural circuits in anoles after social
status acquisition. Previous studies on the neurochemical profile of dominant and subordinate anoles
support this hypothesis. Differences in serotonergic profile have been documented in the social behavior
network in more aggressive animals relative to more docile anoles (Summers et al., 2005) and the winner
and losers of fights in green anoles also show differential activation in the social behavior network
(Korzan, Forster, Watt, & Summers, 2006; C. Summers et al., 2003). Subordinate anoles express lower
levels of arginine vasotocin (Tomoko Hattori & Walter Wilczynski, 2009), whereas dominants exhibit a
strong trend towards higher levels of androgen receptor expression (Tomoko Hattori & Wilczynski, 2014)
in the preoptic area at the end of 10 days of cohabitation. Subordinate anoles also show higher levels of
serotonergic activity in the medial amygdala after 7 days of cohabitation (Summers & Greenberg, 1995).
In the present study, we used quantitative cytochrome oxidase histochemistry to track changes in
neural activity as a consequence of acquisition and maintenance of social status. Cytochrome oxidase
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tracks persistent changes in neural activity as opposed to immediate early genes like c-fos and egr1 or
deoxyglucose that serve as markers of transient changes in neuronal activity. Cytochrome oxidase is the
terminal enzyme in the electron transport chain located in the mitochondria and is a rate-limiting enzyme
in oxidative phosphorylation (Wong-Riley, 1989). Since neuronal activity is partly constrained by the
availability of ATP, functional changes in neurons are positively correlated with changes in ATP
production and thus cytochrome oxidase activity. An increase in overall excitatory input to the neuron
results in upregulation of the Na+ /K+ pump that relies on the availability of ATP for the repolarization of
neurons after depolarization. Thus, changes in the activity and expression levels of cytochrome oxidase
are tightly linked to changes in the ratio of excitatory/ inhibitory inputs to the neuron. Cytochrome
oxidase has been previously used as a marker for neural activity in studies concerned with the visual
system, learning and memory (Villarreal, Gonzalez-Lima, Berndt, & Barea-Rodriguez, 2002) as well as
sexual and aggressive behaviors (Coomber et al., 1997; Sakata et al., 2000; Eun‐Jin Yang & Wilczynski,
2007). Since a change in social status brings about a change in the potential of the organism to perform
multiple behaviors produced by modulation of multiple brain networks, we used cytochrome oxidase
histochemistry because of its potential to describe changes in the baseline activity of multiple brain nuclei
in different networks. Besides using cytochrome oxidase activity to discriminate differences in metabolic
activity in individual nuclei, differences in correlational patterns of cytochrome oxidase activity amongst
nuclei can be used to evaluate differences in patterns of activity across the neural network.
We investigated changes in cytochrome oxidase activity in the amygdala, the medial preoptic area
and the septal nuclei of dominant and subordinate green anoles after 11 days of cohabitation. The
amygdala (Neil Greenberg et al., 1984; Tarr, 1977; Vochteloo & Koolhaas, 1987), the preoptic area
(Albert, Walsh, Gorzalka, Mendelson, & Zalys, 1986; Wheeler & Crews, 1978) and the lateral septum
(Albert & Wong, 1978; Krohmer & Crews, 1987) have been individually implicated for their role in
sexual and aggressive behaviors in rodents, reptiles and birds. The medial amygdala plays an important
role in social cognition and memory, whereas the preoptic area is important for the production of
courtship displays (Riters et al., 2000) as well as copulatory behavior (Will, Hull, & Dominguez, 2014).
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The lateral septum has been implicated in anxiety and aggression. The aforementioned regions were also
selected on the basis of the findings a previous study conducted to evaluate the impact of social
experience on aggression (Eun‐Jin Yang & Wilczynski, 2007). Yang and Wilczynski reported increased
cytochrome oxidase activity in the amygdala, the preoptic area and the septum in more aggressive male
green anoles that were subjected to a video of aggressive conspecific on 5 consecutive days as opposed to
control animals that were subjected a non-social stimulus. In addition to differences in cytochrome
oxidase activity in individual nuclei, we also examined differences in functional interactions between
these nuclei by describing the correlations in CO levels across nuclei.

4.2
4.2.1

Methods
Study organism and experimental design
Adult male anoles, Anolis carolinensis, were purchased from Charles Sullivan Inc., Nashville,

TN. All males were individually housed upon arrival in an enclosure made by dividing a10 gallon glass
terrarium into two equal halves using an opaque divider. Each chamber was provided with a perch, a
water dish, and plastic foliage. Heat lamps were hung in front of the terraria to allow the lizards to bask
and the light/dark cycle of the room was kept 14/10 L/D with temperature cycling between 70 and 85 F
to establish a breeding season environment. The animals were sprayed with water daily and fed 4-5
crickets three times a week. Illumination was provided using a fluorescent ultraviolet bulb. All protocols
were approved by Georgia State University Institutional Animal Care and Use Committee.
Size (> 60 cm) and weight matched pairs were moved to a clean terrarium identical to the original
one 48 hours before pairing. On the day of pairing, one of the animals was introduced into the other
animal’s enclosure and the fight was observed for 10 minutes. The animals were then checked again after
90 minutes to determine the winner and loser. After the fight, the divider was removed and the perch in
the enclosure where the fight occurred was left in place whereas the perch in the other enclosure was
removed. The fight was conducted in a single enclosure rather than the whole terrarium to ensure that the
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dominant-subordinate relationship was established through an agonistic encounter. The winner and the
loser of the fight were determined on the basis of their position in the cage, changes in body color,
amount of aggression. Losers, besides turning brown in color, also tend to retreat from the fight during
the encounter. Animals were monitored daily and their body color and position in the cage was recorded.
The animals were used for conducting courtship and mirror induced aggression tests from day 6 to 8 after
the initiation of the cohabitation period.
4.2.2

Cytochrome oxidase histochemistry
After 11 days of cohabitation, the dominant and subordinate dyads were euthanized by an

overdose of sodium pentobarbital. Brains were rapidly extracted after decapitation, flash frozen on dry ice
and then stored at -80°C. The brains were sliced at 25µm on a cryostat and were stored at -20°C until the
day of the histochemistry. The quantitative histochemistry for cytochrome oxidase was conducted as
previously described by Yang and Wilczynski (Eun‐Jin Yang & Wilczynski, 2007). The brains were fixed
by immersing the slides in 0.5 % glutaraldehyde in 10% sucrose phosphate buffer for 5 minutes. The
slides were then subjected to 3 washes in 10% sucrose in PBS followed by an incubation in Tris buffer
containing cobalt chloride. Slides were then incubated in diaminobenzidine solution (0.05% DAB,
0.0075% cytochrome c, 5% sucrose, 0.002% catalase, 0.25% DMSO in phosphate buffer) for 60 minutes.
The solution was agitated constantly and maintained at 37C. The reaction was stopped by immersing the
slides in a 4% formalin solution in 10% sucrose phosphate buffer. The slides were rinsed in phosphate
buffer between each step. After the post-fixation step in formalin, the slides were dehydrated in a series
of alcohols, cleared with xylene and then cover-slipped with Permount.
The slides were imaged using an Olympus BX41 light microscope mounted with a camera and
the image processing software ImageJ was used to analyze the images. A Kodak step-tablet was used to
calibrate the imaging system at the onset of each imaging session and it was used to convert the intensity
readings to optical density (OD). Measurements of cytochrome oxidase activity were obtained from the
amygdala, the medial preoptic area, and the septum. A total of at least 5 readings were obtained for each
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brain region from a minimum of 3 different sections from either hemisphere containing the region of
interest. Optical density measures were averaged for each brain area in an individual to obtain a single
OD value used in the statistical analysis. SigmaStat was used to conduct paired t-tests on the optical
density data from dominants and subordinates. Linear regressions were performed to assess the
relationship (or correlations) among different regions as well as the relationship among a particular region
and aggression or liver glycogen levels.
4.3
4.3.1

Results:
Differences in mean cytochrome oxidase activity
We measured differences between dominant and subordinate males in neural activity in the

medial preoptic area, the septum and the amygdala by conducting quantitative cytochrome oxidase
histochemistry (Fig 4.1). We observed a significant difference in optical density values in the medial
preoptic area with dominants showing higher activity than the subordinates (n = 9 pairs, p = 0.042, t=
2.42) (Dominants: Mean ± SEM = 0.949 ± 0.0619, Subordinates: Mean ± SEM = 0.861 ± 0.0503). On the
other hand, differences in cytochrome oxidase activity in the amygdala (n = 9 pairs, p = 0.201, t = 1.395)
(Dominants: Mean ± SEM = 0.996 ± 0.0351, Subordinates: Mean ± SEM = 0.947 ± 0.0609) or the septum
(n = 9 pairs, p = 0.202, t= 1.391) (Dominants: Mean ± SEM = 1.030± 0.0161, Subordinates: Mean ± SEM
= 0.995±0.0157) did not reach significance.
4.3.2

Functional correlations in dominants and subordinates
Besides measuring cytochrome oxidase activity levels in individual nuclei, we also measured the

relationship between cytochrome oxidase activity in the amygdala, the preoptic area and the septum in
dominants and subordinates. Levels of cytochrome oxidase activity among the amygdala and the preoptic
area were weakly correlated in both dominants (n = 9, r= 0.0696, p =0.859) (Fig 4.2) and subordinates (n
= 9, r = 0.21, p = 0.588) (Fig 4.3). (In the case of the subordinates if the 2 data points on the bottom are
considered as outliers (Fig 4.3) then there is a much stronger correlation between activity levels in the
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POA and the amygdala (n = 7, r = 0.645, p = 0.118). These presumed outliers arose due to dissimilar
illumination conditions used for imaging the POA and amygdala for the two pairs. Since similar
illumination settings were used within the pair (but not between regions), this does not impact our
pairwise comparison for the two regions). The activity levels in the septum showed a modest correlation
with activity levels in both the amygdala (Dominants: r = 0.342, p = 0.407; Subordinates: r = 0.49, p =
0.218) and the preoptic area (Dominants: r = 0.179, p = 0.672; Subordinates: r = 0.381, p = 0.352) (Fig
4.4). The relationship between activity levels in the three regions was qualitatively much stronger in
subordinates relative to dominants.
We also measured the relationship between the difference in cytochrome oxidase activity levels
in each pair in the amygdala (CO activity in Dominant – CO activity in Subordinate counterpart) and the
difference in activity levels in the same pair in the preoptic area and found a moderate correlation (n = 9, r
= 0.512, p = 0.159) (Fig 4.6). Similar analysis involving the septum also yielded moderate correlations
with both the amygdala (n = 8, r = 0.641, p = 0.087) and the preoptic area (n = 8, r = 0.492, p = 0.215)
(Fig 4.5).
We also conducted correlations between differences in cytochrome oxidase activity (CO activity
score) in each pair (CO activity in dominant individual – CO activity in subordinate counterpart) for a
particular brain region and differences in levels of aggression (Aggression score = Aggression level in
dominant individual - Aggression levels in subordinate counterpart) for the same pair. The aggression
score showed a week correlation with CO activity scores in the amygdala (n = 9, r = 0.137, p = 0.724),
POA (n = 9, r = 0.241, p = 0.532) and the septum (n=8, r = 0.142, p = 0.737).
In addition, we conducted correlations between cytochrome oxidase activity in the different brain
regions and liver glycogen levels (Chapter 3) for animals from which we had data available for both
measures. This relationship was found to be significant for the preoptic area (n = 10, r = 0.644, p = 0.044)
(Fig 4.6) but not the amygdala (n = 10, r = 0.256, p = 0.475).
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4.4

Discussion
Cytochrome oxidase serves as a marker for changes in neuronal metabolic capacity due to its role

as the rate-limiting enzyme in aerobic respiration. Cytochrome oxidase activity reflects persistent changes
in baseline neuronal activity due to changes in the excitation-inhibition ratio and thus reflects the
metabolic history of the brain region. Use of cytochrome oxidase as a marker allows description of
changes in brain networks because it reflects changes in metabolic activity independent of
neurotransmitter expression. In the present study, we utilized quantitative cytochrome oxidase
histochemistry to evaluate differences in neural metabolic activity in the medial preoptic area, the
amygdala and the septal nuclei in dominant and subordinate anoles. Our aim was to investigate changes in
mean neural activity levels as well as changes in functional coupling between the aforementioned nuclei
that are a part of the social behavior network. In addition, we asked if the CO differences were correlated
with differences in aggression or liver glycogen, which differ between dominants and subordinates
(Chapters 2 and 3).
After 11 days of cohabitation, dominant anoles, relative to subordinates, showed higher levels of
cytochrome oxidase activity in the medial preoptic area but not in the amygdala or septum. The medial
preoptic area has been implicated in sexual and aggressive behaviors in reptiles including anoles (Wheeler
& Crews, 1978), rodents (Albert et al., 1986; Hull & Dominguez, 2006; Merari & Ginton, 1975) and birds
(SCHLINGER & CALLARD, 1989). The lower levels of CO activity in the medial preoptic area in
subordinates is thus consistent with the decline in courtship (approaching significance) and aggressive
behaviors in subordinate anoles reported in our previous experiments (Chapter 2). Furthermore, the
presence of a difference in mean activity in the medial preoptic area but not the amygdala or the septum is
consistent with previous studies on dominant-subordinate dyads in green anoles in which
neuroanatomical markers differentiating dominants and subordinates were prominent in the preoptic area
but not in other limbic areas. Dominant green anoles show an increase in vasopressin expression (Tomoko
Hattori & Walter Wilczynski, 2009) and androgen receptor (approaching statistical significance)
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expression (Tomoko Hattori & Wilczynski, 2014) in the medial preoptic area but not the amygdala after
10 days of cohabitation.
We also evaluated differences in functional coupling (or connectivity) between brain regions by
performing correlations between the different brain regions. Functional interactions between brain nuclei
or functional connectivity has been a concept used by cognitive scientists to describe the recruitment of
brain regions during the performance of a specific task. The concept of functional connectivity
emphasizes that the differences in the pattern of relationships among activity in different nuclei (rather
than activity in a single nucleus) are responsible for different functional or behavioral outputs. Although
such a recruitment of brain regions may be due to the existence of direct anatomical connections between
them, this can also occur due to indirect coordination of activity due to endocrine factors or due to shared
inputs from other sources. In our current study, we did not observe a difference between dominants and
subordinates in the strength of correlations among neural activity in the POA and the amygdala. One
potential explanation for this lack of difference could be that the shared experience of cohabitation, rather
than possessing a specific social status, resulted in similar patterns of correlations. This needs to be
verified with correlational data among these regions from individually housed control animals. Another
possible scenario could be that the strength of correlations between the MPOA and the amygdala are
consistent across both the experimental and control groups. This would indicate that activity in these two
regions is coordinated regardless of the social situation. In a study by Yang and Wilczynski (Eun‐Jin
Yang & Wilczynski, 2007), green anoles, regardless of whether they were exposed to social stimulus,
neutral stimulus or no stimulus on 5 consecutive days, showed a coordination in cytochrome oxidase
activity in those two regions thus bolstering the possibility of the second scenario. Interestingly, the
degree of difference in cytochrome oxidase activity in any brain region (such as the POA) within a dyad
was correlated with that in another brain region (like the amygdala) indicating that the behavior among a
dominant-subordinate dyad had an influence on the correlations between differences in activity levels.
In our correlational analysis between the difference in aggression levels and cytochrome oxidase
activity levels (CO scores), we did not observe a strong relationship between aggression levels and CO
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activity levels in any of the brain nuclei including the POA, the septum and the amygdala. The absence of
a strong correlation between activity levels in these nuclei with aggression levels could be due to the
impact of a multitude of factors during cohabitation that influenced activity in those regions. Furthermore,
each brain region is comprised of a heterogeneous neuronal population with sub-nuclei often involved in
the control of different aspects of the same or different behavior. For example, the medial amygdala in
rodents can be distinguished in four different sub-regions that subserve different functions. Thus, the
social behavior network itself is composed of multiple interacting sub-networks, and correlations could
exist between sub-regions in these brain nuclei and aggression levels. The social behavior network and
brain network paradigms in general, highlight the existence of bidirectional connections between brain
regions. Although this addresses some of the shortcomings of the labeled line model, the presence of
bidirectional connections between regions does not necessarily imply a direct connection between the
same set of neurons and thus obfuscates the direction of the flow of information (that can be addressed by
tracer studies). This necessitates the identification of specific neuronal markers for a particular behavior
to discriminate different neuronal populations in a brain nucleus. Although brain size of green anoles
limits use of invasive procedures that can activate or inhibit specific neuronal populations, Fos protein
expression coupled with staining for specific markers remains the method of choice for identifying
specific neuronal populations (Kabelik et al., 2013; Kabelik et al., 2014). Thus, investigating transient and
persistent changes in brain nuclei are complementary processes. The shortcomings described here does
not entail abandoning either the labeled line model or the network model. Rather, the two models
represent different levels of analysis with the network model and the labeled line model being macro and
micro level conceptualizations that must be both harnessed for a comprehensive understanding of the
brain.
We also observed a significant correlation among the levels of cytochrome oxidase activity in the
preoptic area and liver glycogen levels. Since our sample size (n = 10) was rather modest, it would be
interesting to see whether this trend can be sustained and replicated. However, this procedure of
examining the relationship between brain nuclei and body correlates may be regarded as an extension of
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the concept of functional connectivity or coupling. To be precise, such correlations, like functional
connectivity in the brain, can lead to hypothesis regarding either the co-regulation of brain nuclei and
bodily processes or an interaction between them. In this specific case, a positive relationship between
liver glycogen levels and the preoptic area is not surprising given the permissive role of energetics in
modulating reproductive behaviors. Although the connections between the brain and body are bidirectional, further manipulations such as additional energetic supply or a manipulation of social
conditions could further help to identify the directionality of the relationship observed in the current
study.
In summary, we observed a difference in cytochrome oxidase activity levels in the preoptic area
with dominants showing higher activity levels relative to subordinates. We did not observe any
statistically significant differences in activity levels in the amygdala or the septal nuclei. This is consistent
with previous studies in dominant and subordinate green anoles that have reported higher expression
levels of both arginine vasotocin and androgen receptor in the preoptic area (but not others like the
amygdala or the lateral septum) of dominants. This, along with the importance of the preoptic area in
territorial behaviors, suggest an important role for the preoptic area in mediating some of the behavioral
differences observed in dominants and subordinates. Lastly, we also found a positive correlation between
liver glycogen levels and cytochrome oxidase activity levels in the preoptic area. Such correlations
between brain activity and body correlates may open up avenues for understanding mechanistic
underpinnings of the coordination of brain and body activity.
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Figure 4.1 Effects of social status on cytochrome oxidase activity of the amygdala, the medial
preoptic area, and septal nuclei after 11 days of cohabitation
Differences in mean cytochrome oxidase activity expressed in optical density (Mean+ SEM) in dominants
(black bars) and subordinates (gray bars) in the amygdala (AMY), medial preoptic area (POA) and the
septum. An asterisk indicates a significant difference (p < 0.05) within a particular group
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Figure 4.2 Correlation between CO activity levels measured in terms of optical density in the
amygdala (AMY) and the medial preoptic area (POA) of dominants
An almost negligible correlation was observed between activity levels (measured in terms of optical
density) in the amygdala and the medial preoptic area (r = 0.0696, p = 0.859).
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Figure 4.3 Correlation between cytochrome oxidase (CO) activity levels in the amygdala (AMY)
and the medial preoptic area (POA) of subordinates.
A modest correlation was observed between activity levels (measured in terms of optical density) in the
amygdala and the medial preoptic area (r = 0.21, p = 0.588) of subordinates.
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Figure 4.4 Correlation between CO activity levels in the septum and activity levels in the amygdala
& the POA in dominant and subordinate anoles.
Cytochrome oxidase activity levels in the septum showed a moderate correlation with activity levels in
the amygdala (Dominants: r = 0.342, p=0.407; Subordinates: r = 0.49, p = 0.218). Cytochrome oxidase
activity levels in the septum showed a weak correlation with activity levels in the preoptic area of
dominants (r = 0.179, p = 0.672) but showed a modest correlation with activity levels in the preoptic area
of subordinates (r = 0.381, p = 0.352).

1.3

83

0.25

CO activity score (AMY)

0.20
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.2

-0.1

0.0

0.1

0.2

0.3

CO activity score (POA)

0.08

0.3

0.2

CO activity score (POA)

CO activity score (SEP)

0.06

0.04

0.02

0.00

0.0

-0.1

-0.02

-0.04
-0.15

0.1

-0.10

-0.05

0.00

0.05

0.10

CO activity score (AMY)

0.15

0.20

0.25

-0.2
-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

CO activity score (SEP)

Figure 4.5 Correlation between CO activity scores in three SBN nuclei, the preoptic area, the
amygdala, and the septal nuclei
A moderate correlation was found between CO activity scores in the preoptic area and the amygdala that
showed a modest trend towards significance (r = 0.512, p = 0.159). Similarly, the septum also yielded
moderate correlations with both the amygdala (n = 8, r = 0.641, p = 0.087) and the preoptic area (n = 8, r
= 0.492, p = 0.215).
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Figure 4.6 Correlation between liver glycogen levels and cytochrome oxidase activity levels in the
POA
There was significant correlation between hepatic glycogen levels and POA CO activity levels (r = 0.644,
p = 0.044).
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5

DISCUSSION

The aim of this dissertation was to investigate the impact of acquisition and maintenance
of social status on the behavior, physiology and the brain of male green anole lizards. Green
anoles have been used as a model to study the behavioral and neuroendocrine effects of changes
in social status. The aim of this dissertation was to extend the findings of those previous studies
as well as introduce new studies on the impact of social status on energetic physiology. Besides
studying the impact of social status on the aforementioned aspects, the experiments were also
designed as a step towards understanding the effects of social status on green anoles in an
integrative manner.
In Chapter 2, the impact of acquisition and maintenance of social status on aggression,
courtship and exploratory behavior were evaluated. To test the effects of social status on
aggression, we tested separate sets of dominant-subordinate dyads for aggression to their own
mirror image either in the cage where they resolved their status or in a novel cage. Subordinate
green anoles showed lower levels of aggressive displays than dominants after 7 days of
cohabitation, regardless of the location of testing. This suggests that these changes in aggression
were not due to motivational factors influenced by fight outcome and cohabitation in the home
cage. In both experiments, pre-existing differences in aggression levels were absent between
dominants and subordinates indicating that the aforementioned changes emerged as a result of
cohabitation. However, both dominants and subordinates showed a decline in aggressive
behavior after cohabitation indicating that maintaining dominance, like subordination, was costly
but to a lesser degree. One potential reason is that the presence of the subordinate was also
stressful to the dominant. However, dominants tend to actively maintain their social status by
displacing the subordinate and directing aggressive displays towards the subordinate. Thus, it is
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possible that the higher levels of vigilance may have incurred an additional energetic cost on the
dominants. The decline in aggression in both dominants and subordinates raises the question
whether these costs were simply energetic or psychological (although not mutually exclusive)
and if the former, then can the negative effects be ameliorated by supplementary feeding. The
psychological effects of cohabitation on dominants and subordinates may be tested by using
physical enrichment to limit direct contact in the dyad. Although this may also be tested using
pharmacological agents like SSRIs, such agents have an effect on multiple neural circuits
including those responsible for food intake.
Besides showing lower levels of aggression, subordinates also exhibited lower levels of
courtship than dominants, but this difference only approached significance (p = 0.056). Like
aggression, both dominants and subordinates showed a decline in courtship relative to their own
levels before cohabitation further suggesting that cohabitation was costly for dominants as well.
During the exploratory behavior test, dominants spent a greater amount of time in the novel
chamber than subordinates and this difference arose due to an increase in time spent by
dominants in the novel chamber after acquisition of social status. As mentioned previously, it is
possible that this increase may be due to greater vigilance after acquisition of social status.
However, our experimental paradigm was not explicitly designed to test vigilance and a different
paradigm focused on testing this, while remaining ethologically relevant, may be necessary to
test this. I also conducted correlations among the different behaviors, but I did not observe a
trend among any of the behaviors except for between courtship and exploratory behavior in
dominants (but not subordinates) before cohabitation (r = 0.428, p = 0.112). Although aggression
was not correlated with the other two behaviors, the aforementioned correlation is interesting in
that it disappears after the cohabitation period. The presence of a moderate correlation between
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courtship and exploratory behavior suggests a common regulatory factor (among a network of
other factors) in the regulation of these behaviors. Once the mechanistic basis of courtship and
exploratory behavior are better understood, how the two behaviors are linked before acquisition
of social status and how these behaviors become dissociated can be better understood. Thus, such
correlations are important in order to understand the mechanistic underpinnings of the (or lack
of) co-regulation of various behaviors.
In Chapter 3, I considered the impact of acquisition and maintenance of social status on
energy stores. As observed in Chapter 2, cohabitation over 11 days had an impact on the
behavior of both dominants and subordinates with the effects being more severe in the latter.
Given the importance of energy availability (in at least a permissive capacity) in supporting
aggressive behavior (Haller, 1995), differences in the behavior of dominants and subordinates
were suggestive of different energy dynamics. We measured levels of liver and muscle glycogen
because of their respective roles in maintaining blood glucose levels and supporting muscle
contraction, both being needed to sustain any kind of physical activity. In addition to lower
levels of aggression and courtship relative to dominants, subordinate green anoles also showed
lower liver and muscle glycogen levels. Given the importance of liver and muscle glycogen
stores in supporting physical activity including during aggression and the absence of difference
in aggression levels before pairing, it is likely that these differences emerged as a consequence of
cohabitation. However, the likelihood of a preexisting difference in glycogen levels cannot be
eliminated without comparing the dyads to isolated controls. We also looked at the impact of
cohabitation on body fat and lean mass levels and found a decline in body fat/ body weight ratio
in subordinates relative to dominants. These differences were absent before cohabitation and
emerged to a large degree as a consequence of a trend towards lower absolute body fat levels (p
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= 0.115) in subordinates relative to dominant anoles. This indicates the significant difference
observed in body fat/ body weight ratio was also influenced by changes in body weight.
In Chapter 3, we also considered changes in body weight and did not find a difference in
body weight between dominants and subordinates, although both lost weight relative to their precohabitation levels. This parallels the changes in aggression and courtship further reinforcing the
idea that cohabitation was energetically expensive for both dominants and the subordinates.
Since both dominants and subordinates exhibited a decline in body weight, we investigated
whether this loss of body weight after acquisition of social status could be ameliorated by
providing supplementary feeding. Dominants were found to weigh more than subordinates after
supplementary feeding as well as weighing more than their previous body weight before pairing.
No such differences were observed in the control group indicating dominants did gain weight if
more food was available. Understanding the significance of this gain of body weight in
dominants requires assessment of social and non-social behaviors in supplementary fed animals
and animals maintained on a regular feeding schedule. Effects of supplementary feeding on
aggressive behavior are currently being examined.
From the perspective of understanding the impact of social status on energy dynamics,
our results are preliminary. A more comprehensive understanding of the differences in the
energy dynamics of dominants and subordinates requires an insight into the utilization and
allocation of energetic resources as well. Measuring the activity of enzymes involved in
carbohydrate, protein and lipid metabolism can provide a deeper insight into the synthesis and
utilization of these energetic substrates. It is also important to delineate allocation of energetic
resources to various priorities that include behavioral tendencies as well as various functions that
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enhance survival like immune function. Investigating a change in metabolic rate is another way
of beginning to get an insight into differences in energy utilization.
In chapter 4, changes in some of the nuclei involved in the social behavior network were
evaluated in dominants and subordinates at the end of the 11 day cohabitation period. We
evaluated changes in the levels of cytochrome oxidase activity in the amygdala, medial preoptic
area and the septal nuclei due to their role in facilitating territorial behaviors. Cytochrome
oxidase is a marker for neuronal metabolic activity and tracks changes in excitatory-inhibitory
inputs to the neuron. We observed higher levels of cytochrome oxidase activity in the medial
preoptic area but not in the amygdala or the septal nuclei. These results are consistent with
previous studies where differences in androgen receptor expression (Tomoko Hattori &
Wilczynski, 2014) and arginine vasopressin expression (Tomoko Hattori & Walter Wilczynski,
2009) in green anole lizards have been reported in the POA but not in other nuclei. This is also
consistent with the role played by the preoptic area in reproductive behaviors and aggression.
Although this indicates an important role for the POA in the limbic forebrain network in
mediating the behavioral differences observed in dominants and subordinates, this does not
exclude a role for a sub-region or sub-population of neurons in the amygdala and the septum in
mediating the aforementioned behavioral differences (or any other differences that may be
present). Central to the conceptualization of the limbic forebrain nuclei and midbrain nuclei as
the social behavior network is the emphasis on the role of differences in the pattern of activity
among different brain nuclei in the SBN in producing behavior rather than the changes in a
single brain nucleus (Newman, 1999). We conducted correlations between different brain
regions to detect differences in patterns of activity among different nuclei or changes in
functional correlations. We found a nominally stronger correlation amongst the three nuclei (the
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POA, the septum and the amygdala) in subordinates relative to dominants. In addition to
carrying out correlations among different brain regions, correlations among liver glycogen levels
and aggression levels were carried out with the 3 brain regions. We found that liver glycogen
levels were correlated with cytochrome oxidase activity in the medial preoptic area. The
hindbrain nuclei including the nucleus of the tractus solitarius receive information regarding the
energetic status and send projections to the paraventricular nucleus (PVN)(Schneider, 2004). It
would be interesting to see if a correlation exists between activity in liver glycogen levels and the
hindbrain nuclei and the PVN. Such correlations could inform future experiments to investigate
the directionality of this relationship by manipulating food availability or providing social
experience. Energetic resources are allocated differently to various drives (behavioral and
physiological priorities) and this can become evident when changes in the environmental
condition induce trade-offs. Measuring activity in networks allocated to different drives by using
markers specific for a behavior and simultaneously measuring energetic correlates may be useful
in understanding the role of energetics in trade-offs.
The delineation of various neural pathways and biological systems dedicated to particular
behaviors has been a central theme of biological research and a considerable amount of progress
has been made in this direction over the past 7-8 decades. However, how dedicated pathways and
systems interact and the factors that regulate these interactions have been relatively less
extensively studied. Integrative or organismal biology addresses this area and its goals may be
conceived as being twofold. The first goal would be to understand the quantitative expression of
different behaviors and the quantitative differences in capacities of different biological systems
(physiological, neurobiological, morphological) that characterize a particular organismal state
corresponding to a specific environmental state. In other words, one of the goals is to identify the
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circumstances under which behaviors or biological systems are co-regulated or become
dissociated. Part of this goal is also to characterize the proportion in which behaviors (or
systems) vary relative to each other i.e. to characterize the valence allocated to each drive (sex,
hunger, survival, etc.). Understanding the relationship between multiple systems can inform
hypotheses regarding the biological pathways underlying the interaction among these systems.
The second goal would be to understand the mechanistic basis of the interaction among various
systems in modulating the capacity to produce different behaviors. In other words, the second
goal is to identify the “switches”, “thresholds” or mechanisms that allow co-regulation or
dissociation of behaviors and systems. Studies investigating trade-offs between various systems
such as the reproductive and immune system or the energetic costs of various behaviors are
exemplary of such an integrative approach. These goals may be considered as complementary,
with both approaches informing each other. The work in this dissertation was informed by the
first goal described above.
In this dissertation, I considered the impact of changes in social status on multiple
components that included changes in behavior, physiology, and the brain. For example, a change
in the social environment does not simply produce a change in neural pathways dedicated to
aggression but a multitude of behaviors and underlying systems. Investigating the impact on
multiple systems and the relationship among them is a more comprehensive and integrative
approach as described in the first goal. Although ideally the impact of changes in social status on
the various components could be modeled, pragmatic limitations only allowed conducting
correlations among various components. Despite such limitations, the study provides an example
of an integrative approach but at a coarse level. A deeper understanding of interactions among
various systems will require a much broader collaborative effort.
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